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Surface  cleaning  has  a significant  influence  on  the  overall  performance  and 
reliability  of  semiconductor  devices.  Ill-nitride  device  technology,  like  other  advanced 
semiconductor  device  technologies,  most  likely  will  require  multiple  processing/regrowth 
steps  and  several  photolithography  / dry  etching  steps  to  define  active  device  areas.  The 
surface  used  for  epitaxial  regrowth,  deposition  of  gate  dielectrics,  or  Ohmic/Schottky 
metal  deposition  must  be  clean  and  smooth  for  the  fabrication  of  high  quality  electronic 
and  photonic  devices.  This  surface  cleaning  will  include  the  removal  of  native  oxides, 
organic  contaminants,  metallic  impurities,  particulates  and  chemical  residuals. 

In  this  study,  various  surface-cleaning  techniques  for  the  removal  of  carbon  (C)  and 
oxygen  (O)  from  AIN  and  GaN  were  investigated.  The  utility  of  various  cleaning 
techniques  was  assessed  by  chemical,  structural  and  electrical  characterization.  Auger 
electron  spectroscopy  (AES)  analysis  showed  that  ex-situ  UV/O3  and  wet  chemical 
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treatments  based  on  HF  and  HCl  were  very  effective  in  removing  surface  C and  reducing 
the  native  oxide  on  both  AIN  and  GaN.  After  H2  and  N2  plasma  treatments  in  ultra  high 
vacuum  (UHV)  at  temperatures  of  750°C  and  900°C,  clean  GaN  surfaces  could  be 
achieved  within  the  detection  limits  of  AES.  However,  secondary  ion  mass  spectroscopy 
(SIMS)  analysis  showed  that  significant  concentrations  of  surface  C and  O still  exist  on 
plasma  treated  GaN.  Further  in-situ  cleaning  methods  were  performed  to  obtain  clean 
GaN  and  AIN  surfaces  using  chemical  beam-etching  techniques  at  various  temperatures. 
SIMS  and  current-voltage  (I-V)  results  showed  that  PCI3  chemical  beam  treatment  at 
500°C  on  GaN  surface  was  the  most  successful  in  removing  the  interfacial  oxide.  This 
removal  of  the  surface  oxide  from  the  GaN  substrate  may  improve  the  quality  of  the 
regrown  GaN  and  allow  better  quality  growth  of  AIN  gate  dielectrics. 

Also,  the  effect  of  annealing  on  the  behavior  of  GaN  Schottky  diodes  was 
investigated.  Rapid  thermal  annealing  experiments  were  performed  in  N2  ambients  for  30 
sec  at  temperatures  of  500  to  1000°C.  Only  annealing  at  temperatures  > 900°C 
significantly  degraded  the  Schottky  diode  characteristics.  This  degradation  is  believed  to 
be  due  to  the  preferential  loss  of  surface  nitrogen.  Ozone/HCl  surface  chemical 
treatments  were  only  partially  successful  in  repairing  the  thermal  damage.  The  sample 
exposed  to  N2  plasma  at  750°C  after  being  thermally  damaged  showed  the  worst  Schottky 
diode  characteristics  due  to  the  highly  increased  surface  nitrogen  vacancies,  while  PCI3 
exposure  removed  the  thermally  damaged  surface. 
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CHAPTER  1 

INTRODUCTION/BACKGROUND 


1 ■ 1 Ill-Nitride  Semiconductors/Devices 

Ill-nitrides  have  received  a great  deal  of  attention  during  the  last  several  years 
because  of  their  excellent  potential  as  materials  for  optoelectronic  devices  in  the  blue  to 
ultraviolet  range. The  wurtzite  polytypes  of  GaN,  AIN  and  InN  form  a wide  range  of 
ternary  (AlGaN,  InGaN,  InAlN)  and  quaternary  (InGaAlN)  alloy  compositions  whose 
direct  bandgaps  range  from  1.9eV  for  InN,  to  3.4eV  for  GaN,  to  6.2eV  for  AIN.  These 
alloys  have  application  to  blue/UV  light  emitting  diodes,  laser  diodes  and  UV  detectors. 
Recent  developments  of  Ill-nitrides  have  extended  their  applications  greatly  in  the  areas 
of  electrical  devices  as  well  as  in  the  areas  of  optical  devices.  In  particular  Ill-nitrides 
have  significant  advantages  for  high-temperature  and  high-power  device  applications 
because  of  their  wide  bandgaps,  high  breakdown  fields,  high  electron  saturation 
velocities  and  good  thermal  stability. 

High-temperature  devices  are  defined  as  those  which  can  operate  at  temperatures  in 
excess  of  300°C.  High-temperature  semiconductor  devices  would  provide  significant 
benefits  in  such  areas  as  sensors  and  controls  for  automobiles  and  aircraft,  high-power 
switching  devices  for  the  electric  power  industry,  electric  vehicles,  and  control 
electronics  for  the  nuclear  power  industry.  Silicon-based  devices  will  not  be  sufficient  for 
many  applications  operating  at  temperatures  above  300°C  such  as  power-conditioning 
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devices  in  high  temperature  control  systems.  These  devices  will  have  to  be  produced 
from  another  material  system.  The  intrinsic  carrier  concentration  at  any  given 
temperature  decreases  exponentially  with  increasing  band  gap.  The  intrinsic  carrier 
concentration  of  Si  reaches  lO'^cm'^  at  about  300“C,  GaAs  reaches  this  intrinsic  carrier 
concentration  at  about  500°C  and  GaN  at  about  1300°C.  This  makes  GaN  material 
attractive  for  high-temperature  applications.  High-power  applications  require  high 
breakdown  fields.  The  breakdown  field  of  GaN  is  3x10^  V/cm  as  compared  to  2 and 
4x10^  V/cm  for  Si  and  GaAs,  respectively.  For  these  reasons,  the  Ill-nitride  devices  can 
be  used  as  high-temperature  and  high-power  applications  thus  making  it  possible  to 
reduce  the  weight  and  cost  of  the  systems  associated  with  cooling. 

Early  Ill-nitride  research  had  a number  of  problems  that  prevented  growth  of  high 
quality  materials.  These  problems  were  lack  of  a good  lattice  matched  substrate  material, 
an  inability  to  grow  p-type  GaN  and  lack  of  a suitable  etching  chemistry.  Single-crystal 
GaN  is  not  easily  grown  in  bulk  form.  No  commercial  nitride  substrates  exist  today  for 
the  epitaxial  growth  of  AlGaInN-based  devices.  Most  thin  films  and  devices  are  therefore 
grown  epitaxially  on  sapphire  (AI2O3)  or  silicon  carbide  (SiC)  substrates.  The  large 
differences  in  lattice  constants  and  thermal  expansion  coefficients  between  the  sapphire 
or  SiC  substrates  and  the  AlGaInN-based  semiconductors  have  made  it  difficult  to  grow 
high  quality  nitride  films.  In  general,  wide  bandgap  materials,  such  as  GaN,  are  relatively 
difficult  to  dope,  due  to  the  presence  of  shallow  donors  and  to  the  depth  of  the  acceptor 
levels  in  the  bandgap.  Thus  highly  conductive  p-type  nitride  alloys  have  been  very 
difficult  to  produce  due  to  the  high  n-type  background  concentration  and  minimal  p-type 
dopant  activation.  In  the  last  decade,  great  progress  has  been  made  in  reducing  the 
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background  electron  concentration.  Use  of  optimized  buffer  layer  growth  on  sapphire 
substrates  and  the  availability  of  better  lattice  and  thermally  matched  SiC  have  allowed 
greatly  improved  layers  to  be  grown.  Furthermore,  improved  epitaxial  growth 
techniques  have  reduced  the  background  electron  concentration  to  as  low  as  ~10  cm'  in 
unintentionally  doped  GaN.  P-type  doping  in  Mg  doped  GaN  has  been  achieved  with 
carrier  concentrations  as  high  as  ~3xl0'*cm'^  resulting  from  converting  passivated  Mg 
doped  GaN  into  conductive  p-type  material  by  using  low-energy  electron  beam 
irradiation  (LEEBI)  and  thermal  annealing  under  an  N2  ambient. 

Although  there  is  no  acceptable  wet  chemical  etchant  for  GaN,  various  dry-etching 
techniques  have  proven  reliable  and  convenient  for  etching  nitride  materials.  There  are 
still  many  areas  which  should  be  improved  in  Ill-nitride  device  technology  such  as 
increasing  dopant  incorporation  and  activation  to  improve  p-GaN  ohmic  contacts, 
epitaxial  lateral  overgrowth  (ELO)  to  reduce  dislocation  density,  and  improving  the 
quality  of  the  insulator  (or  oxide)  layer  which  can  be  used  as  gate  material  in  GaN  metal 
insulator  semiconductor  field  effect  transistors  (MISFETs)  or  metal  oxide  semiconductor 
field  effect  transistors  (MOSFETs).  Improvement  in  these  all  areas  can  be  achieved  by 
improving  the  quality  of  surfaces  and  interfaces  by  preparing  clean  and  ordered  nitride 
surfaces. 

1 .2  Importance  of  Surface  States 

Ill-nitride  device  technology  like  other  advanced  semiconductor  device  technologies 
will  most  likely  require  multiple  processing  and  regrowth  steps  such  as  the 
etching/regrowth  process  in  ELO,  regrowth  of  ohmic  contact  layers,  deposition  of  gate 
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dielectrics,  and  several  layers  of  photolithography  and  dry-etch  patterning  to  define 
active  device  areas.  The  surface  before  epitaxial  regrowth  must  be  clean  and  smooth  for 
the  fabrication  of  electronic  and  photonic  devices  since  interface  states  and  impurities 
such  as  carbon  (C)  and  oxygen  (O)  can  degrade  the  quality  of  the  regrown  device. 

Table  1-1.  Relative  bond  strengths  of  constituents  commonly  found  in  MBE,  MOCVD 
and  MOMBE  growth.^*' 


Bond 

Bond  strength  (kcal/mole) 

In-0 

<77 

Ga-0 

85 

Al-0 

122 

As-0 

115 

N-0 

151 

Me-In(Me)2 

49 

Me-Ga(Me)2 

63 

Me-Al(Me)2 

75 

Me-As(Me)2 

67 

Me-N(Me)2 

75 
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Nitride  materials  are  particularly  efficient  for  gettering  C and  O,  as  C and  O are  more 
strongly  bonded  to  nitrides  than  to  conventional  III-V  semiconductors.  Thus  it  may 
require  higher  energy  to  remove  these  impurities  from  the  Ill-nitride  surfaces.  Table  1-1 
compares  the  bond  strengths  of  some  common  constituents.  As  the  bond  strength  of  the 
atoms  increases,  the  probability  of  their  bonding  or  incorporation  rate  of  impurity 
increases. 

The  surface  of  an  air  exposed  or  processed  semiconductor  has  a large  density  of 
surface  states  which  can  result  in  a large  surface  recombination  velocity  and  pinning  of 
the  Fermi  level.  At  the  semiconductor/semiconductor,  semiconductor/metal  or 
semiconductor/insulator  interface,  the  lattice  of  the  bulk  semiconductor  and  all  the 
properties  associated  with  its  periodicity  terminate.  As  a result,  localized  states,  called 
surface  states,  with  energy  in  the  forbidden  energy  gap  of  the  semiconductor  are 
introduced  at  or  very  near  the  interface.  The  localized  surface  states  are  illustrated 
schematically  in  Figure  1-1. 


Figure  1-1.  Schematic  energy-band  diagram  of  an  MIS  structure,  illustrating  the  presence 
of  surface  states. 
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The  interface  states  are  distributed  in  energy;  that  is,  they  are  described  by  a density  of 
states,  Dit  [states/cm^-eV].  At  equilibrium,  the  occupancy  of  the  interface  states  is 
determined  by  the  semiconductor  Fermi  level.  There  are  typically  two  kinds  of  surface 
states  within  the  band  gap  of  compound  semiconductors  (some  that  are  donor-like  and 
some  that  are  acceptor-like).  The  acceptor-like  states  are  in  the  upper  half  of  the  band  gap 
and  the  donor-like  states  are  in  the  lower  half.  Thus  the  interface  is  neutral  when  the 
Fermi  level  is  near  midgap.  It  has  been  reported  that  N vacancies  can  act  as  donors  in 
GaN  and  that  Ga  vacancies  act  as  acceptors.^^’*”’  The  electrical  characteristics  of  a device 
are  very  sensitive  to  the  density  and  properties  of  these  surface  states  at  its  interface. 
These  surface  states  can  reduce  the  conduction  current  in  a device  by  trapping  electrons 
or  holes.  Furthermore,  the  trapped  electrons  or  holes  can  act  like  charged  scattering 
centers,  located  at  the  interface,  for  the  mobile  carriers  in  a surface  channel,  and  thus 
lower  their  mobility,  ultimately  reducing  channel  current.  Surface  states  can  also  act  like 
generation-recombination  centers,  or  assist  in  the  band-to-band  tunneling  process,  and 
thus  contribute  to  the  leakage  current  in  a gated-diode  structure.  As  the  density  of 
interface-trapped  charge  changes  with  changes  in  the  surface  potential,  it  gives  rise  to  an 
additional  capacitance  component  in  parallel  with  the  bulk  semiconductor  capacitance. 
Surface  states  cause  a detrimental  effect  on  the  optical  and  electronic  properties  of 
semiconductor  devices.  These  surface  states  limit  the  performance  of  practical  devices 
such  as  light  emitting  diodes  (LEDs),  solar  cells  and  heterojunction  bipolar  transistors 
(HBTs)  by  providing  nonradiative  recombination  centers  or  channels  for  surface  or 
interface  recombination.  A highly  reliable  gate  dielectric  layer  is  one  of  the  key  issues  for 
GaN  MISFET  technology.  Its  integrity  is  greatly  influenced  by  surface  pretreatment  of 
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the  GaN  layer  as  well  as  its  growth  conditions.  A contamination-free  surface  and  control 
of  the  native  oxide  are  required  to  grow  a high  quality  dielectric  layer.  Also,  the 
incorporation  of  contaminants  or  an  increase  in  surface  roughness  during  processing 
steps  before  deposition  of  the  gate  oxide  in  metal  oxide  semiconductor  field  effect 
transistors  (MOSFETs)  will  degrade  device  properties  such  as  threshold  voltage, 
breakdown  voltage  and  peak  mobility.'''''^’  In  any  device-fabrication  process,  therefore, 
surface  contamination  and  degradation  must  be  avoided.  Surface  states  can  be  minimized 
by  various  methods,  including  the  use  of  surface  chemical  cleaning  or  the  use  of  a 
passivation  layer  at  the  surface.  Many  conflicting  results  have  been  reported  for  surface 
states  in  GaN.  Some  reports  claim  that  surface  states  in  GaN  do  not  pin  the  Fermi  level 
and  thus  the  ideal  Schottky  limit  is  applicable.^'"^^  Dependence  of  the  Schottky  barrier 
height  (SBH)  on  the  metal  work  functions  for  n-GaN  was  studied  by  Bermudez  et  al.^'^^ 
and  they  found  that  the  Schottky  model  was  applicable  to  n-GaN  where  the  SBH  was 
given  by  the  difference  between  the  metal  work  function  and  the  semiconductor  electron 
affinity.  On  the  other  hand,  Guo  et  al.^'^’  reported  that  the  SBH  for  n-GaN  was 
independent  of  the  metal  work  function.  This  result  suggests  that  the  surface  states  or 
process-induced  defects  do  pin  the  Fermi  level.  Also,  Sun  et  al.^'^^  identified  shifts  in  the 
surface  Fermi  level  due  to  surface  treatment.  HCl-treated  p-GaN  surfaces  showed  a shift 
of  the  surface  Fermi  level  toward  the  conduction  band  edge  by  ~0.9eV  with  respect  to  the 
thermally  cleaned  surface.  Compared  to  the  HCl-treated  surface,  the  surface  Fermi  level 
on  the  KOH-treated  surface  lay  -l.OeV  closer  to  the  valence  band  edge,  resulting  in  a 
much  smaller  surface  barrier  height  to  p-GaN  than  to  the  HCl-treated  surface.  Kim  et 
al^^®'  could  reduce  0.2-0.3eV  of  the  SBH  after  removing  20A  of  surface  oxide  using 
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boiling  aqua  regia  (HN03:HC1=1:3)  for  10  min.  This  decrease  of  the  SBH  was  calculated 
based  on  the  following  equation;^'^^ 

q(t)B  = qct)Bo  + 2kT(2mx)'^^-6/h/27i 

where  (j)B  is  the  SBH,  5 is  the  thickness  of  the  insulating  layer  at  the  interface,  (|)bo  is  the 
SBH  at  the  interface  without  a surface  oxide,  m is  the  mean  tunneling  effective  masses  of 
carriers,  % is  the  mean  tunneling  barrier  for  carrier  injection  from  metal  to  semiconductor, 
h is  Plank’s  constant  and  k is  Boltzmann’s  constant. 

1.3  Review  of  Surface  Chemical  Treatments 

In  semiconductor  device  technology,  surface-cleaning  procedures  have  been  devised 
to  (a)  degrease  and  remove  gross  contamination,  (b)  remove  particles  and  metal 
contamination  and  (c)  remove  surface  oxide  and  carbon  to  provide  an  atomically  clean 
surface.  Usually  the  semiconductor  surface  is  first  degreased  using  conventional  organic 
solvents  (acetone  and  methanol).  Metal  contamination  is  then  removed  by  using  an 
H2SO4/HNO3  solution.  Next,  a wet  chemical  treatment  is  performed  to  remove  the 
surface  oxide  by  using  HF  or  HCl.  However,  a clean  surface  cannot  be  achieved  with 
these  wet  chemical  treatments  alone  due  to  possible  contamination  from  the  atmosphere 
and  chemical  residuals.  In  the  case  of  ex-situ  chemically  cleaned  layers,  the  re-oxidized 
layer  generated  after  air  exposure  and  chemical  residuals  has  to  be  removed  by  suitable 
treatment  before  regrowth.  Another  surface  cleaning  method  is  to  perform  a wet  chemical 
treatment  outside  the  ultra  high  vacuum  (UHV)  chamber  followed  by  a high-temperature 
thermal  desorption  step  in-situ  immediately  before  the  regrowth  process.  The  problem 
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with  this  procedure  is  that  it  is  not  completely  effective  at  removing  carbon.  Also,  high 
temperature  thermal  desorption  often  induces  undesired  side  effects  such  as  dopant 
diffusion  and  roughening  of  the  surface  due  to  desorption  of  volatile  surface  atoms. 

Recently,  many  research  groups  reported  studies  of  in-situ  chemical  treatments  of 
semiconductors  using  different  gaseous  sources.  Improved  electronic  properties  of  GaAs 
surfaces  were  reported  based  on  thermal  treatment  under  a PH3  over  pressure.  Also, 
in-situ  cleaning  of  GaAs,  AlGaAs,  InGaAs  and  InSb  surfaces  in  UHV  conditions  using 
various  hydrogen  sources  have  been  used  to  obtain  high  quality  interfaces. 

Hydrogen  plasma  treatments  can  remove  the  stable  native  oxide  and  carbon  contaminant. 
Surface  cleaning  also  can  be  achieved  by  using  chlorine-based  etching  processes.  Mui  et 
al.^^^'  reported  high-quality  etched/regrown  GaAs  interfaces  using  in-situ  CI2  etching. 
They  reported  in-situ  cleaning  of  GaAs  and  InP  using  AsBra,  AsCla  and  PCI3  before 
regrowth  in  the  same  chemical  beam  epitaxy  (CBE)  chamber,  minimizing  possible 
contamination  in  the  etched/regrown  interface. Under  these  cleaning  processes,  it 
was  possible  to  obtain  surface  morphology  comparable  to  that  of  the  as-grown  surface. 
The  in-situ  chemical  beam  etching  of  (Al,  In)GaAs,  InP  and  GaSb  using 
trisdimethylaminoarsenic  (TDMAAs),  trisdimethylaminophosphorus  (TDMAP),  and 
trisdimethylaminoantimony  (TDMASb)  provided  a very  smooth  etched  surface  at  the 
nanometer  scale  and  a clean  etched/regrown  interface  for  regrowth  applications. 

In  Ill-nitrides,  a number  of  studies  have  been  reported  for  substrate  cleaning  and 
nitridation  for  buffer  layer  formation  to  reduce  the  effects  of  large  mismatch  in  the  lattice 
constants  and  thermal  expansion  between  substrate  and  nitrides.  The  initial  nitridation 
process  of  the  substrate  (Si,  SiC,  GaAs,  AI2O3)  before  starting  nitride  growth  is  very 
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critical  for  achieving  better  film  quality  However,  there  have  been  fewer  studies  in 
oxidation  and  cleaning  of  AIN  and  GaN  surfaces.  Ishikawa  et  al.^^°'  reported  the  results  of 
XPS  experiments  to  analyze  the  chemical  composition  of  the  contamination  layer  at  the 
as-grown  GaN  surface.  The  results  showed  a contamination  layer  with  a thickness  ~ 2 nm 
consisting  of  gallium  oxide  and  adsorbed  carbon  or  hydrocarbon  after  air  exposure.  Both 
HCl-based  and  KOH-based  treatments  were  effective  in  the  removal  of  the  surface  oxide 
and  other  carbon-containing  contaminants.'^^''  The  oxidation  of  single  crystal  GaN  in  dry 
air  has  been  investigated.'^^'  The  thickness  of  oxide  layers  grown  in  dry  air  at  450°C  and 
750°C  for  up  to  25  hours  was  only  slightly  thicker  than  that  of  the  native  oxide  formed  at 
room  temperature  on  exposure  to  air.  On  increasing  the  temperature  to  900°C,  SOOOA 
thickness  of  the  oxide  layer  was  formed  after  25  hours.  Watkins  et  al.'^^'  found  that  GaN 
exhibits  little  oxidation  until  10^  Langmuir  (IL  = 10'^  Torr)  of  oxygen  exposure.  The 
oxidation  saturated  on  the  surface  to  an  atomic  concentration  of  10%  at  an  exposure  of 
10  L,  while  oxidation  in  GaAs  continued  into  the  bulk  above  atomic  concentration  20% 
after  an  oxygen  exposure  of  10*  L.  The  adsorption  of  oxygen  at  the  wurtzite  (0001)  and 
(000-1)  GaN  surfaces  was  investigated.'^"''  Bermudez  et  al.'^^'  studied  the  adsorption  of 
O2  on  GaN  (OOOl)-(lxl)  surfaces,  and  its  effects  on  electronic  structure.  The  clean  GaN 
surfaces  were  prepared  by  N2"^  sputtering  followed  by  in-situ  annealing  at  900“C  or  in- 
situ  deposition  of  Ga  metal  followed  by  thermal  desorption.  Exposure  of  the  clean  GaN 
surface  to  O2  reduced  band  bending  by  0. 15  eV,  and  surfaces  prepared  by  ex-situ  wet- 
chemical  cleaning  using  1:10  NH40H:H20  showed  the  band  banding  to  be  0.5  eV  less 
than  on  clean  surfaces.  Prabhakran  et  al.'^^'  found  that  the  native  oxide  present  on  the 
surface  of  GaN  thin  films,  grown  by  MBE  using  solid  Ga  and  N2  plasma  sources,  was 
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predominantly  in  the  form  of  Ga203.  Etching  the  GaN  in  warm  (50  ~ 60°C)  NH4OH  for 
15  min.  reduced  these  oxides  significantly.  Edwards  et  al.^^^^  could  effectively  remove 

0 

20-50  A of  organic  and  inorganic  contamination  and  some  of  the  oxide  layer  from  GaN, 
AIN  and  AlGaN  using  MEOH,  NH4OH  and  NaOH.  However,  oxide  and  carbon  free 
surfaces  could  not  be  achieved  by  these  wet-chemical  treatments  alone.  Smith  et  al.^^*^ 
and  King  et  al.*^^’^°^  reported  cleaning  of  AIN  and  GaN  surfaces  using  various  wet- 
chemical  treatments  followed  by  in-situ  thermal  desorption  to  remove  carbon  and 
oxygen.  However,  complete  thermal  desorption  of  all  contaminants  was  not  achieved 
even  at  a temperature  of  900°C.  Atomic  hydrogen  is  known  to  be  effective  at  removing 
carbon  and  other  surface  impurities  as  well  as  oxides.  Unfortunately,  hydrogen  passivates 
the  electrical  activity  of  Mg  acceptors  in  GaN^^'^  and  decreases  the  carrier  concentration 
for  undoped  AlGaN  by  passivation  of  positively  charged  donors  with  negatively  charged 
hydrogen. 

1.4  Technical  Rationale/Obiective  of  this  Study 

In  order  to  apply  surface  chemical  treatments  to  the  device  fabrication  process,  the 
following  conditions  are  required:  (a)  the  complete  removal  of  carbon  and  oxygen 
contaminants,  (b)  a flat  surface  after  treatment,  (c)  the  elimination  of  surface  damage  and 
(d)  the  avoidance  of  dopant  passivation.  Conventional  wet-chemical  cleaning  and  thermal 
cleaning  cannot  remove  contaminants  effectively.  Ex-situ  chemical  treatments  such  as 
wet-chemical  cleaning  have  possible  contamination  problems  for  the  atmosphere  and 
require  additional  surface  treatments  to  remove  residual  contaminants  resulting  from  wet- 
chemical  cleaning.  Also,  high  temperature  thermal  desorption  cleaning  processes  can 
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induce  undesired  side  effects  such  as  dopant  out-diffusion  and  roughening  of  the  treated 
surface  due  to  the  production  of  volatile  species.  Therefore,  in-situ  chemical  treatment  of 
the  surface  before  regrowth  is  necessary  to  improve  the  quality  of  the  interface,  and 
ultimately  to  improve  device  performance  and  reliability. 

Plasma  treatment  is  an  excellent  surface-cleaning  method.  Plasma  treatment  of  111-V 
semiconductor  materials  is  commonly  employed  as  a method  of  etching  these  materials, 
and,  to  a lesser  degree,  as  a method  of  surface  cleaning.  Surface  cleaning  using  hydrogen 
plasma  would  be  a promising  technique.  A hydrogen  radical  beam  can  effectively  remove 
surface  carbon  and  oxygen  without  seriously  etching  the  surface,  and  these  treatments 
can  be  handled  in  UHV  growth  chamber.  Atomic  hydrogen  can  remove  carbon  and 
oxygen  by  formation  of  volatile  CH^  and  H2O  compounds,  respectively.  Hydrogen 
plasma  treatment  is  possible,  at  lower  temperatures  than  is  possible  for  conventional 
thermal  cleaning.  Hydrogen  cleaning  may  require  subsequent  processing  to  remove 
residual  passivation.  Thermal  treatment  should  be  performed  to  reactivate  passivated 
dopants  after  hydrogen  plasma  cleaning.  Nitrogen  has  to  be  supplied  during  thermal 
treatments  to  suppress  loss  of  nitrogen  from  the  surface.  TDMAP  (P[N(CH3)2]3)  is  an 
alternative  source  for  in-situ  surface  chemical  treatment.  In  other  III-V  materials, 

TDMAP  has  been  shown  to  efficiently  remove  surface  carbon  and  oxide.  It  is  thought 
that  the  atomic  hydrogen  released  from  TDMAP  on  III-V  surfaces  removes  carbon  and 
oxygen  by  formation  of  volatile  CH4  and  OH  species.  It  is  likely  to  serve  the  same  role  in 
the  case  of  the  nitrides.  One  can  expect  TDMAP  to  be  less  toxic  than  PH3  because  of  the 
absence  of  P-H  bonds.  Also,  since  decomposition  of  this  compound  produces  a Group  V 
species  (P),  it  is  expected  to  produce  a stoichiometric  surface  by  supplying  phosphorus 
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overpressure.  Another  potential  chemical  treatment  is  in-situ  oxide  removal  using  PCI3. 
PCI3  is  injected  directly  into  the  growth  chamber  and  allowed  to  react  on  the  wafer 
surface.  The  use  of  PCI3  over  CI2  or  HCl  as  the  dry  cleaning  gas  has  advantages.  Very 
high  purity  PCI3  (99.999%)  can  be  obtained  readily.  PCI3  is  less  corrosive  than  HCl  and 
CI2  gases,  and  also  can  provide  a Group  V overpressure  preventing  preferential  loss  of 
nitrogen. 

The  major  advantage  of  this  study  is  that  all  processing  steps,  surface  cleaning, 
regrowth  and  surface  analysis  can  be  performed  in  UHV  without  exposure  to  air.  In  order 
to  determine  optimal  conditions  for  surface  cleaning  before  regrowth,  in-situ 
characterization  using  reflection  high  energy  electron  diffraction  (RHEED),  and  ex-situ 
characterization  using  auger  electron  spectroscopy  (AES),  secondary  ion  mass 
spectroscopy  (SIMS)  and  scanning  electron  microscopy  (SEM)/atomic  force  microscopy 
(AFM)  will  be  used  to  investigate  surface  structure,  morphology  and  composition. 
Current-voltage  (I-V)  measurement  will  be  performed  to  study  the  effect  of  surface  states 
and  surface  treatments  on  electrical  characteristics  of  MIS  diodes.  The  objective  of  this 
study  is  to  investigate  the  effects  of  surface  chemical  treatments  on  the  structural, 
chemical,  electrical  and  optical  characteristics  of  the  surface,  to  correlate  this  structure 
with  the  quality  of  the  subsequently  regrown  Ill-nitride  epitaxial  layers  and  to  find  the 
optimum  conditions  for  surface  treatment  of  nitrides  in  order  to  improve  performance  and 
reliability  of  Ill-nitride  based  devices.  In  order  to  accomplish  this  objective,  several  areas 
are  of  major  concern  in  this  study.  These  include  complete  removal  of  carbon,  oxygen 
and  chemical  residuals  from  the  nitride  surface  even  after  exposure  to  photoresist  and 
providing  an  ideal  surface  for  regrowth  (i.e.  a contamination-free,  stoichiometric  and 
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atomically  smooth  surface).  The  approach  of  this  study  is  to  remove  the  contaminated 
surface  using  various  wet-chemical  treatments  ex-situ,  and  then  to  replace  this  cleaned 
surface  with  a controlled  oxide  using  UV/O3  for  complete  removal  of  carbon  from  the 
surface.  Next,  to  remove  the  oxide  and  remaining  impurities  via  in-situ  treatments  which 
will  include  thermal  heating,  exposure  to  plasma  (N2,  H2)  and  chemical  beams  using  PCI3 
and  TDMAP. 


CHAPTER  2 

EXPERIMENTAL  PROCEDURES 


The  AIN  and  GaN  samples  were  grown  epitaxially  by  metalorganic  molecular  beam 
epitaxy  (MOMBE)  or  metalorganic  chemical  vapor  deposition  (MOCVD)  on  Si  (100) 
and  sapphire  (0001)  substrates,  respectively.  Dimethylethylaminealane  (DMEAA), 
triethylgallium  (TEG)  or  elemental  Ga  for  MOMBE  samples  and  trimethylgalium  (TMG) 
for  MOCVD  samples,  and  radio  frequency  (RE)  nitrogen  plasma  for  MOMBE  and  NH3 
for  MOCVD  were  used  as  Al,  Ga  and  N sources,  respectively.  The  thicknesses  of  the 
films  were  0.22  pm  for  AIN  and  1-2  pm  for  GaN.  For  ex-situ  cleaning,  solvents  (acetone 
and  methanol),  acids  (HE  and  HCl),  KOH-based  solution  and  UV/O3  treatments  were 
used  for  both  AIN  and  GaN  at  room  temperature.  The  AIN  and  GaN  samples  were  rinsed 
in  DI  water  and  blown  dry  with  N2  after  all  wet  chemical  treatments.  In  order  to  remove 
carbon  contamination  from  AIN  and  GaN  surfaces,  UV/O3  exposure  was  performed  with 
a Jelight  UVO  Cleaner  using  an  Hg  lamp  positioned  1 cm  from  the  sample  surfaces.  The 
samples  were  then  mounted  on  2”  Si  wafer  using  indium  with  a molybdenum  sample 
holder  for  loading  into  the  UHV  system.  For  further  removal  of  surface  C and  O and 
removal  of  wet  chemical  residuals,  thermal,  N2  or  H2  plasma,  PCI3  and  TDMAP 
treatments  were  conducted  in  a UHV  MOMBE  growth  chamber  at  various  temperatures. 
The  actual  temperatures  reported  in  this  study  for  in-situ  surface  treatments  and  regrowth 
were  measured  by  the  temperature  of  the  backside  of  the  wafer  using  a thermocouple.  All 
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the  in-situ  cleaning  was  performed  after  photoresist  (PR)  deposition/strip  and  ex-situ 
cleaning  (solvents,  acid  and  UV/O3  treatments)  to  determine  the  suitability  of  the  surface 
cleaning  technique  for  device  processing.  PR  was  deposited  using  2: 1 photoresist  (AZ 
1350J):  thinner  (AZ  1500)  with  4000  rpm  for  30  sec  and  baked  at  85°C  for  20  min.  The 
PR  was  stripped  using  acetone.  In-situ  cleaning  was  performed  using  various  conditions. 
In-situ  cleaning  using  plasma  was  performed  at  three  different  conditions:  (1)  pure 
thermal  cleaning  without  plasma  at  900°C  for  5 min,  (2)  thermal  cleaning  with  N2  plasma 
at  750°C  or  900°C  for  5 min  and  (3)  thermal  cleaning  with  a H2/N2  plasma  at  750°C  for  5 
min.  Chemical  beam  cleaning  using  PCI3  and  TDMAP  was  performed  at  temperatures  of 
500°C  to  650°C  with  or  without  N2  plasma  exposure  for  10  min  flow  rates  of  5 and  15 
seem,  respectively.  Thermal  cleaning  with  or  without  N2  plasma  at  temperatures  of  500°C 
and  650°C  for  10  min  were  conducted  to  compare  the  efficiency  of  surface  cleaning  using 
PCI3  or  TDMAP  or  pure  thermal  cleaning.  After  finishing  the  in-situ  treatments,  -2000  A 
of  GaN  was  grown  on  the  treated  AIN  and  GaN  samples  in  the  Varian  Gen  II MBE 
system  to  prevent  re-oxidation  before  material  characterization,  and  to  examine  the 
surface  morphology  of  the  regrown  layer.  This  GaN  layer  was  grown  using  elemental  Ga 
at  an  effusion  cell  temperature  of  955°C  and  substrate  temperature  of  750°C  to  minimize 
exposure  to  hydrocarbons.  The  Group  V nitrogen  atoms  were  generated  by  an  SVT 
Associates  radio  frequency  (RF)  plasma  source,  which  was  operated  at  400W  forward  RF 
power  and  at  5 seem  flow.  AES  and  SIMS  were  used  to  monitor  the  presence  of  surface 
or  interface  impurities  before  and  after  treatments.  The  AES  spectra  were  obtained  using 
a beam  energy  of  5 keV.  SIMS  analysis  was  performed  at  Charles  Evans  and  Associates 
using  a Cs"^  beam.  In-situ  RHEED  using  a beam  energy  of  10  to  15  keV  and  a current  of 
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1-1.5  A was  used  to  investigate  removal  of  the  surface  oxide  and  surface  roughness  after 
various  ex-  and  in-situ  treatments.  The  surface  roughness  of  the  treated  samples  was 
studied  with  SEM  and  Digital  Instruments  Nanoscope  AFM  operated  in  tapping  mode. 

Also,  the  utility  of  various  treatments  was  assessed  by  analysis  of  the  electrical 
characteristics  of  the  MIS  diodes.  An  AIN  layer  was  grown  on  the  treated  GaN  in  the 
Varian  Gen  II  MBE  system  to  create  the  MIS  diode  structure.  DMEAA  and  RE  N2 
plasma  were  used  as  A1  and  N sources  at  temperatures  of  375°C  for  20  min.  The  Group 
III  metalorganic  source,  DMEAA,  was  transported  by  an  He  carrier  gas  flow  of  lOsccm. 
The  thickness  was  -250  A.  A metal  multilayer  of  Ti/Al/Pt/Au  (250/500/500/1000  A) 
provided  Ohmic  contact  to  the  GaN.  This  Ohmic  metal  was  annealed  to  400°C  for  30  sec 
to  activate  the  contact.  The  metal  contact  on  the  AIN  was  lOOOA  of  Au.  The  size  of  the 
contacts  was  defined  by  using  a shadow  mask  with  dimensions  ranging  from  70  to  1000 
pm.  I-V  measurement  was  performed  at  different  applied  voltage  HP  4145B  to  test  the 
MIS  diode. 


CHAPTER  3 

SURFACE  CLEANING  OF  AIN 


AIN  is  an  interesting  material  because  of  its  negative  electron  affinity,  making  it  a 
candidate  material  for  the  emitter  of  cold-cathode  emission  devices.  There  have  been 
several  studies  of  the  oxidation  of  AIN,'^^'^^’  but  a successful  cleaning  method  for  AIN 
has  not  been  reported,  as  A1  forms  very  stable  carbides  and  oxides.  Recently,  King  et 
al.^^^'  have  reported  ex-situ  wet-chemical  cleaning  using  HE  followed  by  in-situ  cleaning 
using  Hi  plasma  and  NH3  at  high  temperatures.  Figure  3-1  shows  AES  survey  spectra  of 
AIN  after  various  ex-situ  surface  chemical  treatments.  As  expected,  the  as-received 
sample  shows  significant  surface  C and  O contamination  due  to  exposure  to  air.  Exposure 
to  PR  further  increases  the  amount  of  carbon  at  the  surface,  while  wet-chemical  treatment 
based  on  HE  was  very  effective  in  reducing  surface  O on  AIN.  Significant  amounts  of 
residual  F were  observed.  Complete  F termination  of  the  AIN  surface  is  desirable  after 
HE  treatment,  because  nitride  surfaces  covered  with  F will  prevent  re-oxidation  of  the 
surface  in  air  before  regrowth  and  this  F can  be  desorbed  at  much  lower  temperatures 
than  both  C and  However,  as  shown  in  Figure  3-2,  a 3-min  HE  treatment  reduced 
the  O concentration  only  -50%  and  left  the  C concentration  a little  higher  than  the 
original  nonprocessed  level. 

UV/O3  treatment  was  found  to  be  an  effective  cleaning  method  to  reduce  the  surface 
C contamination.  As  shown  in  Figures  3-1  and  3-2  and  in  Table  3-1  UV/O3  exposure  for 
25  min  or  50  min  after  an  HE  acid  treatment  reduced  the  C level  by  -50%  on  the  AIN 
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surface.  The  sample  treated  two  times  sequentially  with  UV/O3  exposure  for  25  min  after 
an  HF  acid  treatment  shows  the  best  result  for  removal  of  C (as  shown  in  Table  3-1). 
However,  higher  oxygen  coverage  and  significant  amounts  of  F were  detected  as 
compared  to  no  detection  of  F for  the  sample  exposed  to  UV/O3  for  50  min.  Longer 
exposure  to  UV/O3  with  an  acid  pre-clean  did  not  further  appreciably  decrease  the 
surface  C coverage.  The  reactive  oxygen  species  from  the  UV/O3  exposure  can  lead  to 
formation  of  volatile  compounds  via  surface  reactions  with  the  organic  contaminants, 
and  thus  remove  C from  the  surface  along  with  the  surface  chemical  residual,  such  as  F, 
remaining  after  acid  treatment.  In  the  case  of  carbon  it  is  also  possible  for  the  impurity  to 
be  trapped  in  the  nitride  material  oxidized  by  the  ozone  and  then  removed  when  the  oxide 
is  removed.  These  results  indicate  that  the  UV/O3  treatment  is  one  of  the  most  useful 
cleaning  methods  for  the  removal  of  carbon  contamination  left  from  photolithography 
processing  or  excessive  handling  in  device  fabrication. 

In  order  to  study  the  surface  stoichiometry  after  ex-situ  chemical  treatment,  AES  A1 
peak-to-N-peak  ratios  from  the  AIN  surfaces  were  examined.  Table  3-1  shows  AES  peak- 
to-peak  height  ratios  for  the  UV/O3  and  various  wet  chemically  treated  AIN  surfaces.  The 
Al/N  ratio  was  reduced  compared  to  that  of  the  as-received  sample  after  HF  treatment. 
Because  the  oxide  is  composed  mostly  of  A1  bonded  to  oxygen  (Al-0),  the  removal  of 
Al-0  with  HF  can  reduce  the  A1  concentration  on  the  AIN  surface.  The  decrease  in  the 
Al-to-N  ratio  points  out  the  evolution  of  the  AIN  surface  composition  originally 
dominated  by  A1  oxide  toward  a more  stoichiometric  one.  The  UV/O3  treatment  restored 
the  A1  to  N ratio  to  levels  approaching  those  in  the  as-received  material,  thus  there  does 
not  appear  to  be  any  enrichment  of  the  surface  in  the  Group  III  element  beyond  that 
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normally  observed  in  the  material  after  exposure  to  air.  Neither  removal  nor  restoration 
of  the  oxide  layer  worsened  the  surface  roughness.  As  shown  in  Figure  3-3  the  RMS 
roughness  measured  by  AFM  did  not  increase  beyond  that  obtained  for  the  as-grown 
sample. 

For  further  removal  of  surface  C and  O,  in-situ  thermal  surface  treatments  with  N2 
or  H2/N2  plasma  were  required.  Figure  3-4  shows  the  surface  atomic  concentration  of  C 
and  O as  measured  by  AES  on  AIN  after  various  combinations  of  wet  chemical  and 
thermal  surface  treatment.  All  samples  were  exposed  to  photoresist  (PR)  and  were  given 
the  HF/O3  clean  before  thermal  treatment.  Virtually  any  thermal  treatment  was  successful 
in  obtaining  a carbon-free  AIN  surface  within  the  detection  limits  of  AES.  By  contrast,  an 
oxygen-free  AIN  surface  could  not  be  obtained  under  any  of  the  conditions  tested,  though 
the  reducing  ambient  produced  by  the  H2/N2  plasma  did  appear  to  be  somewhat  more 
effective.  The  low  efficiency  of  oxide  removal  from  the  AIN  surface  even  with  H2  and  N2 
plasmas  is  most  likely  due  to  the  high  strength  of  the  Al-0  bond.  Further  in-situ 
treatments  using  chemical  beams  such  as  PCI3  and  TDMAP  were  performed  in  an 
attempt  to  obtain  a clean  AIN  surface.  These  treatments  were  efficient  for  removing  C 
and  F at  temperatures  as  low  as  500°C.  However,  only  slight  removal  of  oxygen  was 
observed,  and  the  results  were  no  better  than  those  obtained  using  a high-temperature 
thermal  treatment  under  an  N2  and  H2  plasma.  More  stringent  cleaning  methods  are 
needed  to  obtain  a clean  AIN  surface.  Surface  cleaning  of  AIN  is  very  difficult  because  of 
the  high  surface  reactivity  of  aluminum  and  the  high  strength  of  the  Al-0  and  Al-C 
bond.  In  order  to  maintain  a clean  AIN  surface,  growth  of  a sacrificial  passivation  layer 
(GaAs,  InP  or  GaP)  on  top  of  the  AIN  layer  may  be  required.  This  passivation  layer 
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should  be  completely  desorbed  along  with  surface  oxide  during  the  heat  treatment  before 


the  regrowth. 
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Electron  Energy  (eV) 


Figure  3-1.  AES  survey  spectra  of  AIN  (a)  as-received,  (b)  PR  deposit/strip,  (c)  acid 
cleaned  for  3 min  in  1:1  HF:DI,  and  (d)  acid  cleaned  and  50-min  UV/O3  exposure. 


ATOMIC  CONCENTRATION  (%) 
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Figure  3-2.  Surface  atomic  concentration  of  carbon  and  oxygen  on  AIN  surface  after 
various  wet  chemical  treatments. 
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AIN 


RMS:  2.9  nm 


RMS:  2.5  nm 


RMS:  2.4  nm 


RMS:  2.4  nm 


Figure  3-3.  AFM  images  and  RMS  roughness  values  of  AIN  surfaces  after  various  wet 
chemical  treatments  (a)  as-received,  (b)  solvents  (acetone/methanol,  each  5 min),  (c)  1:1 
HF:DI,  3 min  and  (d)  1:1  HF:DI,  3 min  and  UV/O3,  25  min. 
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Table  3-1.  AES  peak-to-peak  height  ratios  for  the  UV/O3  and  various  wet  chemically 
treated  AIN  surfaces. 


C/N 

O/N 

Al/N 

F/N 

As-received 

0.28 

1.87 

1.07 

ND 

PR/deposit/strip 

0.76 

1.66 

1.16 

ND 

Solvents(acetone/methanol) 

0.29 

1.72 

1.25 

ND 

1:1  HF:DI  (3  min) 

0.30 

0.47 

0.70 

0.11 

HF  (3  min)/03  (25  min) 

0.12 

1.54 

0.97 

0.14 

O3  (25  min)/HF  (3  min) 

0.43 

0.54 

0.74 

0.14 

HF/O3  (25  min)/HF 

0.22 

0.40 

0.62 

0.49 

HF  (3  min)/03  (50  min) 

0.14 

0.79 

0.99 

ND 

HF/O3  (25  min)/HF/03  (25  min) 

0.09 

1.07 

0.93 

0.16 

26 


Figure  3-4.  Surface  atomic  concentration  of  oxygen  and  carbon  as  measured  by  AES  on 
AIN  after  various  combinations  of  wet  chemical  and  thermal  surface  treatment.  All 
samples  were  exposed  to  photoresist  (PR)  which  was  followed  by  the  HF/O3  procedure 
before  treatment. 


CHAPTER  4 

SURFACE  CLEANING  OF  GaN 


Oxygen  atoms  are  actively  adsorbed  on  the  surface  of  III-V  semiconductors, 
resulting  in  the  production  of  a native  oxide.  A native  oxide  layer  is  also  expected  to 
grow  upon  air  exposure  after  growth  of  GaN.  Even  though  the  native  oxide  does  not 
grow  as  rapidly  on  the  GaN  surface  as  compared  to  other  III-V  semiconductors  such  as 
GaAs,  the  presence  of  oxides  on  the  GaN  surface  can  cause  effects  which  are  detrimental 
to  device  performance.  The  surface  oxide  layer  acts  as  a barrier  for  carrier  transport  from 
metal  to  semiconductor,  and  subsequently  increases  the  Ohmic  contact  resistivity.  Also 
the  oxide  plays  a role  in  increasing  the  Schottky  barrier  height  at  the  surface. 
Furthermore,  device  fabrication  processes  involve  several  layers  of  photolithography  and 
various  etching  processes  to  define  active  device  areas.  These  processing  steps  result  in 
carbon  contamination  and  chemical  residuals  on  the  surface.  The  presence  of  the  native 
oxide  and  contamination  layer  will  also  influence  the  integrity  of  the  gate  dielectric.  The 
removal  of  the  native  oxide  and  generation  of  a contamination  free  surface  is  required  to 
grow  a high  quality  gate  dielectric  layer.  In  particular,  carbon  and  oxygen  are  more 
strongly  bonded  to  GaN  than  to  other  III-V  semiconductors  requiring  more  stringent 
cleaning  techniques  to  obtain  a clean  GaN  surface. 
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4,1  Ex-situ  Cleaning 

For  ex-situ  cleaning,  solvents  (acetone,  methanol),  acids  (HCl,  HF),  KOH-based 
solution  (AZ  400K  developer)  and  UV/O3  treatments  were  used.  Figure  4-1  and  Table  4- 
1 show  AES  survey  spectra  and  peak  to  peak  height  ratios  of  GaN  after  various  ex-situ 
surface  chemical  treatments.  Similar  to  AIN,  the  as-received  GaN  sample  shows 
significant  amounts  of  carbon  and  oxygen  on  the  surface.  The  PR  deposit/strip  procedure 
further  increases  the  carbon  contamination  level  on  the  surface,  but  produces  the  same 
level  of  oxygen.  There  is  a small  decrease  in  the  oxygen  level  after  solvent  cleaning  but 
little  increase  in  the  carbon  level.  A 1:1  HC1:DI  solution  was  very  effective  for  removing 
the  native  oxide.  However,  while  this  acid  treatment  was  found  to  produce  the  lowest 
0/N  ratio,  significant  amounts  of  carbon  and  chlorine  were  observed  as  shown  in  Table 
4-1.  UV/O3  treatment  was  found  be  an  excellent  surface  cleaning  method  to  remove 
surface  carbon  contamination.  As  shown  in  Figure  4-1,  an  HCl  acid  treatment  followed 
by  UV/O3  exposure  for  25  min  removed  carbon  and  chemical  residual  (chlorine) 
completely  from  the  GaN  surface  even  for  the  case  of  photoresist  exposed  material. 
Preliminary  evidence  suggests  that  exposure  to  ozone  does  oxidize  some  of  the  GaN 
material.  The  combination  of  UV/O3  oxidation  and  dipping  in  acid  was  also  used  to 
determine  the  best  chemical  cleaning  method  for  removing  carbon  and  oxygen  from  GaN 
surfaces.  As  shown  in  Table  4-1,  UV/O3  exposure  for  25  min  followed  by  an  HCl  acid 
treatment  was  very  effective  for  oxide  removal  but  left  significant  amounts  of  carbon.  If 
UV/O3  treatment  is  applied  to  the  GaN  surface  with  a native  oxide,  one  can  expect  to 
effectively  terminate  dangling  bonds  and  to  replace  Ga-C,  Ga-H  or  Ga-OH  bonds  with  G- 
O bonds.  The  oxide  formed  by  treatment  with  an  HCl  solution  followed  by  UV/O3 
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treatment  may  be  more  uniform,  reproducible,  and  stoichiometric  than  the  native  oxide. 
This  may  prevent  re-adsorption  of  carbon  or  other  impurities.  However,  UV/O3  exposure 
followed  by  HCl  treatment  will  remove  this  controlled  oxide  and  allow  adsorption  of 
carbon  atoms  during  air  exposure. 

AES  Ga  to  N peak  ratios  from  the  GaN  surfaces  were  investigated  to  study  the 
surface  stoichiometry  changes  after  ex-situ  chemical  treatments  as  shown  in  Table  4-1. 
Similar  to  results  in  the  AIN  case,  the  Ga  to  N ratio  was  reduced  -40%  compared  to  that 
of  the  as-received  sample  after  acid  HCl  treatment.  Since  the  oxide  on  as-received  or 
UV/O3  exposed  sample  surfaces  is  composed  mostly  of  gallium  oxide,  the  removal  of  this 
oxide  layer  with  HCl  can  reduce  the  Ga/N  ratio  on  the  GaN  surface.  The  UV/O3  exposure 
again  restored  the  Ga/N  ratio  to  the  levels  of  as-received  material.  As  shown  in  Figure  4- 
2,  the  AFM  results  show  that  neither  wet  chemical  treatments  to  remove  oxide  nor  UV/O3 
exposure  to  restore  the  oxide  layer  increased  the  RMS  roughness  value  beyond  that  of  the 
as-received  sample,  though  HCl  treatment  did  appear  to  slightly  planarize  the  GaN 
surface. 

RHEED  was  used  to  study  the  removal  of  oxides  and  the  surface  roughness  after 
various  wet  chemical  treatments.  Figure  4-3  shows  RHEED  patterns  taken  along  the  [1 1- 
20]  azimuth  on  the  GaN  surfaces.  No  diffraction  pattern  was  detected  for  the  as-received 
and  UV/O3  exposed  samples.  This  indicates  that  the  native  oxide  and  UV/O3  generated 
oxide  surfaces  are  likely  to  be  amorphous.  GaN  surfaces  treated  in  UV/O3  oxidation 
followed  by  dipping  inl:l  HF:DI  or  AZ  400K  developer  displayed  (1x1)  streaky  RHEED 
patterns  indicating  removal  of  the  UV/O3  generated  oxide  or  the  native  oxide  and  the 
generation  of  an  atomically  flat  surface.  However,  these  RHEED  results  do  not  indicate 
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that  HF  and  AZ  400K  treated  samples  are  completely  free  of  oxygen  or  carbon 
contamination,  as  oxygen  and  carbon  have  been  shown  to  be  present  on  chemically 
cleaned  GaN  surfaces  by  AES  and  SIMS.  RHEED  results  only  indicate  that  the  cleaned 
GaN  surface  is  smooth  and  relatively  free  of  oxides  and  other  contaminants  but 
significant  amounts  of  oxygen  and  carbon  contamination  still  exist.  Also  RHEED  results 
indicate  that  native  oxides  do  not  grow  rapidly  on  the  GaN  surface  during  the  time  (<  30 
min)  required  to  load  the  samples  in  the  vacuum  chamber.  In  summary,  the  lowest 
oxygen  impurity  levels  on  GaN  surfaces  were  achieved  after  HCl  based  acid  treatments, 
while  UV/O3  cleaning  was  very  effective  for  removing  carbon.  However,  complete 
removal  of  carbon  and  oxygen  from  the  GaN  surface  could  not  be  achieved  by  ex-situ 
chemical  treatments  only.  No  wet  chemical  treatment  could  remove  oxygen  completely 
from  the  GaN  surfaces,  and  in-situ  chemical  treatments  are  required  for  further  removal 
of  carbon  and  oxygen  from  the  GaN  surface. 

4.2  In-situ  Cleaning 


4.2.1.  Thermal/Plasma  Cleaning 

For  further  removal  of  surface  carbon  and  oxygen,  in-situ  surface  treatments 
including  thermal  treatments  with  or  without  N2  or  H2/N2  plasmas  were  performed.  All 
samples  were  exposed  to  photoresist  and  given  the  acid  (HCl)  and  UV/O3  clean  before 
thermal  treatment.  After  finishing  the  in-situ  thermal  treatments,  GaN  overgrowth  using 
an  elemental  Ga  and  N2  plasma  was  performed  on  the  treated  MOMBE  grown  GaN 
samples  in  a Varian  Gen  II  MBE  system  to  prevent  re-oxidation  before  material 
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characterization,  and  to  examine  the  surface  morphology  of  the  regrown  layer.  The 
thickness  of  the  overgrown  GaN  layer  was  -100  nm  for  AES  and  -200  nm  for  SIMS  and 
SEM  samples.  Figure  4-4  shows  the  atomic  concentration  of  carbon  and  oxygen  as 
measured  by  AES  on  MOMBE  grown  GaN  after  various  combinations  of  wet  chemical 
and  thermal  surface  treatment.  Virtually  any  thermal  treatment  was  successful  in 
obtaining  a clean  GaN  surface  within  the  detection  limits  of  AES.  Figure  4-5  shows  AFM 
images  for  the  GaN  capping  layers  regrown  on  MOMBE  grown  GaN  samples  exposed  to 
various  plasma  treatments.  None  of  the  in-situ  thermal  cleaning  processes  significantly 
affected  the  roughness  of  the  treated  and  regrown  GaN  surface. 

Thermal  cleaning  techniques  at  lower  temperature  are  desirable  for  many  device 
structures  such  as  heterostructure  light  emitting  diodes  and  GaN/InGaN  multi-quantum 
wells,  where  a low  processing  temperature  is  sought  to  preserve  the  integrity  of  the 
underlying  InGaN  devices  layers  and  facilitate  layer  fabrication.  For  this  purpose,  the 
effect  of  thermal  treatment  with  H2/N2  plasma  on  surface  cleaning  was  investigated  at 
lower  temperature  ranges  from  500°C  to  750°C.  All  samples  were  treated  with 
PR/HCI/O3  prior  to  H2/N2  plasma  exposure.  After  H2/N2  plasma  treatment  MBE  grown 
GaN  was  grown  on  treated  MOCVD  grown  GaN  at  725°C  for  15  min.  The  thickness  of 
the  MBE  grown  GaN  layer  was  -75  nm.  Figure  4-6  shows  surface  atomic  concentration 
of  carbon  and  oxygen  as  measured  by  AES  on  GaN  after  H2/N2  plasma  exposure  at 
different  temperatures.  As  one  can  see,  overgrowth  on  the  sample  which  did  not  receive 
the  H2/N2  plasma  after  exposure  to  the  PR/HCI/O3  treatment  shows  significant  amounts 
of  carbon  and  oxygen  contamination  at  the  interface.  The  surface  carbon  could  be 
removed  after  H2/N2  plasma  exposure  only  at  500°C.  By  contrast,  the  complete  removal 
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of  oxygen  was  only  achieved  after  H2/N2  plasma  exposure  at  a much  higher  temperature 
of  750°C.  SEM  was  used  to  examine  the  surface  morphology  of  the  H2/N2  plasma  treated 
samples.  Figure  4-7  shows  SEM  images  of  the  GaN  surfaces.  Figure  4-7(a)  is  the  surface 
image  of  the  MOCVD  grown  GaN  substrate.  Figure  4-7(b),  (c)  and  (d)  show  the  regrown 
MBE  GaN  after  H2/N2  plasma  treatment  at  different  temperatures.  As  can  be  seen  in 
Figures  4-7(b)  and  (c),  the  regrown  MBE  GaN  layers  after  H2/N2  plasma  exposure  at 
500°C  and  650°C  show  very  smooth  surfaces  comparable  to  the  MOCVD  grown  GaN 
substrate.  However,  the  sample  which  was  exposed  to  the  H2/N2  plasma  at  750°C  shows  a 
degraded  surface  as  seen  in  Figure  4-7(d).  This  can  be  attributed  to  preferential  loss  of 
surface  nitrogen  by  formation  of  volatile  NHx  compounds  or  desorption  of 
thermodynamically  unstable  GaN  at  high  temperature  and  in  high  vacuum.  This  result 
indicates  that  the  morphology  of  the  MBE  grown  GaN  is  related  directly  to  the  surface 
structure  of  the  MOCVD  grown  GaN  substrate  prior  to  regrowth.  Slight  degradation  of 
the  substrate  after  surface  treatment  can  have  significant  impact  on  the  properties  of  the 
subsequently  grown  layers.  We  did  not  observe  this  degradation  for  the  MBE  grown 
sample  after  H2/N2  plasma  exposure  at  750°C.  Since  the  MBE  grown  GaN  is  very  rough 
compared  to  the  MOCVD  sample,  no  surface  morphology  change  could  be  seen  even 
after  very  high  temperature  treatment.  Contrary  to  AES  data,  as  shown  in  Table  4-2, 

SIMS  data  reveals  that  a significant  concentration  of  surface  carbon  and  oxygen  still 
exists  after  thermal  or  plasma  treatments,  and  that  more  stringent  cleaning  methods  are 
needed  to  obtain  a clean  GaN  surface. 

Figure  4-8  shows  comparison  of  RHEED  patterns  between  GaN  surfaces  for 
chemical  treatments  alone  and  for  chemical  treatments  followed  by  thermal  treatment  in 
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the  MBE  growth  chamber  taken  along  the  [11-20]  azimuth.  After  700°C  thermal 
treatment,  the  brightness  and  sharpness  of  the  RHEED  patterns  were  increased  for  both 
HCI/O3/HF  and  HCI/O3/AZ  400K  pretreated  samples.  This  can  be  attributed  to  the  further 
cleaning  of  the  surface  by  desorption  of  adsorbed  contaminants. 

4.2.2.  Chemical  Beam  (PCE.  TDMAP)  Cleaning 

The  experiments  were  performed  in  a Varian  Gen-II  molecular  beam  epitaxy  (MBE) 
growth  chamber.  The  substrates  used  in  this  study  were  undoped  GaN  grown  on  (0001) 
sapphire  by  metalorganic  chemical  vapor  deposition  (MOCVD)  at  Sandia  National 
Laboratory.  The  film  thickness  and  carrier  concentration  were  2.2  pm  and  2xl0’^cm'^. 
Trimethylgallium  (TMG)  and  ammonia  (NH3)  were  used  as  Ga  and  nitrogen  precursors. 

In  order  to  demonstrate  the  effects  of  surface  chemical  treatments  on  the  interfacial 
chemical  characteristics  and  regrown  GaN  layer,  photoresist  (PR)  deposit/strip,  wet- 
chemical  cleaning  using  solvents  (acetone  and  methanol)  and  1:1  HC1:H20  for  3 min,  and 
UV/O3  exposure  for  25  min  at  room  temperature  were  performed.  After  these  ex-situ 
treatments,  in-situ  surface  treatments  was  conducted  using  chemical  beams  in  the  ultra 
high  vacuum  growth  (UHV)  chamber  for  the  further  removal  of  surface  impurities  and 
generated  UV/O3  oxide.  For  in-situ  chemical  beam  treatments, 

trisdimethylaminophosphorus  (TDMAP)  and  phosphorus  trichloride  (PCI3)  were  used  at 
temperatures  of  500  and  650‘’C  with  or  without  nitrogen  plasma  exposure  for  10  min,  and 
flow  rates  of  15  seem  for  TDMAP  and  5 seem  for  PCI3  using  He  as  a carrier  gas.  The 
chamber  pressure  was  6 - SxlO'^Torr  during  gas  exposure.  After  finishing  the  in-situ 
treatments  a 0.2  pm  layer  of  GaN  was  grown  on  treated  MOCVD  GaN  samples  for  30 
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min  at  the  same  temperatures  as  those  of  the  in-situ  chemical  treatments  in  order  to 
prevent  re-oxidation  before  material  characterization,  and  to  examine  the  surface 
morphology  of  the  regrown  layer.  The  rf  nitrogen  plasma  was  used  as  a nitrogen  source 
and  operated  at  a power  of  400W  and  a nitrogen  flux  of  5 seem.  Elemental  Ga  was  used 
as  a Ga  source  in  an  effusion  cell  at  a temperature  of  955°C.  The  interfacial  chemical 
compositions  of  the  regrown  samples  were  examined  by  AES  using  a beam  energy  of 
5keV  and  SIMS  using  a Cs"^  beam  (SIMS  performed  at  Charles  Evans  and  Associates). 
The  surface  morphology  of  the  regrown  layer  was  studied  with  a Digital  Instruments 
Nanoscope  Atomic  Force  Microscope  (AFM)  operated  in  tapping  mode. 

Figure  4-9  shows  the  SIMS  depth  profiles  of  impurities  (carbon,  oxygen  and 
chemical  residuals)  for  the  MBE  regrown  GaN  layers  on  MOCVD  grown  GaN 
substrates.  In  all  samples  considerable  amounts  of  carbon  and  oxygen  were  detected  in 
the  near-substrate  region  even  though  most  samples  showed  no  evidence  of  carbon  and 
oxygen  by  AES  measurement.  Only  the  sample  grown  at  650°C  with  N2  plasma  exposure 
during  substrate  heating  to  the  growth  temperature  showed  evidence  of  contamination  by 
AES.  The  concentration  of  impurities  near  the  interface  is  higher  than  in  the  regrown 
films.  High  levels  of  oxygen  were  present  in  all  samples  independent  of  the  substrate 
treatments,  possibly  due  to  contamination  from  the  N2  plasma  source.  As  shown  in  Figure 
4-9(a),  the  sample  grown  at  500°C  without  any  in-situ  treatment  before  regrowth  shows  a 
high  areal  density  of  oxygen  and  carbon  and  ~0.1  pm  of  oxygen  diffusion  into  the 
regrown  layer  from  the  substrate.  This  increase  in  the  width  of  the  interface  may  be  due 
to  the  enhanced  roughness  of  the  surface  of  the  regrown  GaN  at  this  low  temperature 
(500°C)  or  to  the  absence  of  the  N2  plasma  exposure  during  substrate  heating  to  the 
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growth  temperature.  This  3-dimensional  columnar  structure  should  also  enhance 
diffusion  of  impurities.  Figure  4-9(b)  shows  the  SIMS  depth  profile  for  GaN  grown  at 
650°C  with  N2  plasma  exposure  during  substrate  heating  to  the  growth  temperature.  This 
sample  shows  the  highest  peak  level  of  carbon  and  oxygen  contamination,  but  the  peak  is 
not  located  at  the  interface  of  the  regrown  layer.  SIMS  may  just  be  plowing  surface 
impurities  ahead.  Exposure  to  PCI3  at  500°C  for  10  min  before  regrowth  reduced  the 
interfacial  C and  O density  as  shown  in  Figure  in  4-9(c).  The  sharper  interface  with  a 
lower  impurity  level  indicates  that  the  PCI3  treatment  was  more  successful  in  removing 
the  interfacial  oxide.  Unfortunately,  significant  amounts  of  phosphorus  and  chlorine  were 
also  found  on  the  interface  after  PCI3  treatment.  After  TDMAP  treatment  no  significant 
reduction  of  impurities  was  observed  and  a high  level  of  residual  P was  found. 

In  order  to  investigate  the  effects  of  chemical  treatments  on  surface  morphology  of 
the  regrown  layers,  AFM  measurements  were  performed.  Initially  the  surface 
morphology  of  the  MOCVD  grown  GaN  substrate  was  investigated.  A tapping  mode 
AFM  image  of  the  MOCVD  grown  GaN  surface  is  shown  in  Figure  4-10.  The  surface 
displays  deep  trenches  (~10  nm  deep)  and  dislocation  cores  with  an  area  root  mean 
square  (RMS)  roughness  value  of  1.8  nm.  Figure  4-11  shows  an  AFM  image  of  the 
regrown  MBE  GaN  layer  at  growth  temperatures  of  500°C  and  650°C  with  or  without  N2 
plasma  exposure  during  substrate  heating  to  growth  temperatures.  As  shown  in  Figure  4- 
1 1(a)  the  surface  of  the  GaN  which  was  regrown  on  MOCVD  GaN  at  a growth 
temperature  of  500°C  is  very  rough,  15.4  nm  RMS,  and  shows  a 3-dimensional  columnar 
structure.  The  reason  for  this  high  RMS  value  and  columnar  structure  is  most  likely  due 
to  the  low  substrate  temperature  which  results  in  a decrease  in  surface  diffusion  of  atoms 
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and  the  nucleation  of  small  islands  on  top  of  the  MOCVD  grown  GaN  substrate.  On  the 
other  hand,  the  regrown  GaN  at  a growth  temperature  of  650°C  shows  lower  RMS  value 
regardless  of  N2  plasma  exposure  during  substrate  heating  as  shown  in  Figure  4-1 1(b) 
and  (c).  This  may  be  due  to  the  increase  in  surface  diffusion  of  atoms  at  the  higher 
growth  temperature.  However,  the  regrown  GaN  layer  without  N2  plasma  exposure 
during  substrate  heating  shows  a rougher  surface  than  the  GaN  regrown  with  N2  plasma 
exposure.  This  may  possibly  be  the  result  of  high  temperature  heating  without  providing 
an  overpressure  of  nitrogen  to  suppress  preferential  loss  of  the  more  volatile  Group  V 
element. 

Figure  4-12  shows  AFM  images  of  the  regrown  GaN  surface  after  in-situ  surface 
chemical  treatment  using  TDMAP.  There  was  significant  improvement  in  surface 
morphology  and  RMS  roughness  of  the  regrown  layers  after  treatment.  The  regrown  GaN 
at  a growth  temperature  of  500°C  after  TDMAP  cleaning  without  N2  plasma  exposure 
during  substrate  heating  and  cleaning  showed  the  lowest  RMS  roughness  value,  1.35  nm, 
and  the  best  surface  morphology  as  shown  in  Figure  4- 12(a).  This  result  indicates  that  the 
removal  of  surface  impurities  after  TDMAP  exposure  increased  the  diffusion  of  surface 
atoms  at  the  first  stage  of  nucleation  and  increased  the  size  of  the  islands.  On  the  other 
hand,  the  regrown  GaN  surface  after  TDMAP  cleaning  with  N2  plasma  exposure  shows 
higher  RMS  roughness  value  than  the  one  without  N2  plasma  exposure.  This  may  be 
explained  by  reduction  of  TDMAP  arrival  rate  on  the  GaN  surface  due  to  blocking  of 
TDMAP  by  N2  plasma  reducing  efficiency  of  surface  cleaning. 

The  effect  of  PCI3  treatment  on  the  regrown  GaN  surface  morphology  was  also 
monitored  by  AFM  as  shown  in  Figure  4-13.  For  the  sample  treated  with  PCI3  at  500°C 
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without  N2  plasma  the  RMS  rough  value  was  4.36  nm,  and  for  the  sample  treated  at 
650°C  with  N2  plasma  the  value  was  9.6  nm.  The  removal  of  surface  oxide  after  PCI3 
exposure  is  most  likely  related  to  the  decrease  of  RMS  roughness  of  the  regrown  GaN. 
However,  PCI3  treatment  at  650“C  with  N2  plasma  made  a rough  surface  and  this  affected 
the  surface  morphology  of  the  regrown  layer.  This  rough  surface  is  possibly  due  to  the 
removal  of  some  GaN  surface  layer  along  with  the  oxide  layer,  but  significant  etching  of 
the  GaN  using  PCI3  could  not  be  obtained,  even  under  conditions  which  could  etch  GaAs 
at  a rate  of  0.6  pm/hour. 


4.3.  Electrical  Characteristics 

The  AlN/GaN  metal  insulator  semiconductor  FET  (MISFET)  is  a promising 
candidate  for  high  power  and  high  frequency  operation.  The  success  of  the  AlN/GaN 
FET  approach  critically  depends  upon  developing  material  with  good  structural 
properties  and  a low  density  of  interface  states.  A contamination-free  GaN  surface  and 
removal  of  the  native  oxide  are  required  to  grow  a high  quality  dielectric  layer. 

The  substrates  used  in  this  study  were  undoped  GaN  grown  on  (0001)  sapphire  by 
MOCVD.  The  film  thickness  and  carrier  concentration  were  ~2  pm  and  -lO'^cm'^.  The 
GaN  surfaces  were  pre-treated  with  1:1  HC1:H20  for  3 min  and  then  UV/O3  exposure  for 
25  min.  For  further  removal  of  contamination,  native  oxide  and  UV/O3  generated  oxide, 
in-situ  chemical  treatments  were  performed  at  three  different  conditions:  (1)  thermal 
cleaning  with  N2  plasma  at  650°C  for  10  min,  (2)  thermal  cleaning  with  PCI3  at  500°C  for 
5 min  and  (3)  thermal  cleaning  with  TDMAP  at  500°C  for  5 min.  After  finishing  the  in- 


38 


situ  treatments,  ~250A  thickness  of  AIN  layer  was  grown  on  the  treated  GaN  in  the 
Varian  Gen  II  MBE  system  to  create  an  MIS  diode  structure.  DMEAA  and  RE  N2  plasma 
were  used  as  A1  and  N sources  at  a temperature  of  375°C  for  20  min.  Figure  4-14  shows 
the  structure  of  the  AIN/GaN  MIS  diode.  After  deposition  of  the  AIN  layer,  part  of  the 
AIN  was  etched  using  a KOH  based  solution  (AZ  400K  developer)  for  3 min  to  define 
the  mesa  structure.  A metal  multilayer  of  Ti/Al/Pt/Au  (250/500/500/ lOOOA)  was 
deposited  on  GaN  to  make  an  Ohmic  contact.  Au  metal  dots  of  lOOOA  thickness  were 
deposited  on  AIN  using  a shadow  mask  with  dimensions  ranging  from  70  to  1000pm. 

The  utility  of  various  treatments  was  assessed  by  analysis  of  the  electrical  characteristics 
of  the  MIS  diodes.  I-V  measurements  were  performed  at  different  applied  voltage  using 
an  HP  4145B  to  test  this  MIS  diode.  The  surface  morphology  and  roughness  of  the 
regrown  AIN  layers  were  investigated  with  AFM  to  find  effects  of  various  surface 
treatments  on  the  surface  structure  of  the  regrown  layer  and  to  find  effects  of  surface 
morphology  on  the  electrical  characteristics  of  the  diode. 

Figure  4-15  shows  the  I-V  characteristics  of  the  AIN/GaN  MIS  diodes  after  different 
surface  pretreatments  before  AIN  layer  growth.  Both  as-received  and  PR/HCI/O3  treated 
samples  show  similar  current  flow  characteristics  in  forward  and  reverse  applied 
voltages.  The  increase  of  the  thickness  of  the  insulator  layer  due  to  the  surface  native 
oxide  or  UV/O3  generated  oxide  layer  deareased  the  amount  of  current  flow.  The 
PR/HCI/O3  treated  diode  shows  smaller  current  flow  than  the  as-received  diode  at  high 
reverse  applied  voltages.  This  result  indicates  that  the  UV/O3  generated  oxide  is  more 
uniform  and  stable  than  the  native  oxide.  After  PCI3  treatment  at  500°C,  the  diode  shows 
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higher  current  flow  in  both  forward  and  reverse  directions.  This  can  be  attributed  to  the 
removal  of  the  native  oxide  or  UV/O3  generated  oxide. 

Figure  4-16  shows  I-V  characteristics  from  the  AlN/GaN  MIS  diodes  after  in-situ 
surface  chemical  treatment  prior  to  growth  of  the  AIN  layers.  As  can  be  seen  in  Figure  4- 
16,  the  PCI3  treated  sample  shows  the  best  I-V  characteristics.  This  result  is  possibly  due 
to  the  higher  quality  of  the  AIN  layer  grown  after  PCI3  treatment  compared  to  AIN  layers 
grown  after  N2  plasma  or  TDMAP  exposure.  As  can  be  seen  in  Figure  4-17  the  AFM 
image  of  the  AIN  grown  after  PCI3  exposure  shows  the  best  morphology  and  is 
comparable  to  the  as-received  MOCVD  GaN  substrate.  This  result  indicates  that  the 
removal  of  surface  impurities  was  achieved  after  PCI3  exposure.  This  removal  of  surface 
impurities  increased  the  diffusion  of  surface  atoms  during  the  AIN  layer  growth  and 
made  it  possible  to  grow  higher  a quality  AIN  layer. 

Based  on  SIMS  and  I-V  results,  ex-situ  HCI/O3  treatment  followed  by  an  in-situ 
PCI3  chemical  beam  exposure  was  the  most  successful  method  for  removing  the 
interfacial  carbon  and  oxygen.  In  order  to  find  the  optimum  temperature  for  the  PCI3 
treatment,  GaN  was  exposed  to  PCI3  at  temperatures  from  300°C  to  bOO^C.  In  addition  to 
the  PCI3  treatment,  thermal  cleaning  without  N2  plasma  exposure  at  700°C  was 
performed  in  order  to  compare  the  efficiency  of  the  PCI3  treatment  with  thermal 
annealing  for  the  cleaning  of  the  GaN  surface. 

The  substrates  used  in  this  study  were  Si  doped  GaN  grown  on  (0001)  sapphire  by 
MOCVD  at  Epitronics.  The  film  thickness  and  electron  concentration  were  2 pm  and 
~10  cm  . For  the  PCI3  treated  samples,  the  GaN  surfaces  were  pre-treated  with  solvents 
(acetone,  methanol)  for  5min  each,  1:1  HC1:H20  for  3min,  and  UV/O3  exposure  for  25 


40 


min  before  loading  the  samples  into  the  MOMBE  growth  chamber.  For  the  thermal 
cleaning  at  700°C  sample,  wet  chemical  exposure  with  1:1  HF:H20  for  3min  was 
performed  additionally  after  HCI/O3  treatment  to  remove  the  oxide  layer.  After  loading 
the  samples,  the  GaN  surfaces  were  exposed  to  PCI3  at  a flow  rate  of  5 seem  for  lOmin  at 
temperatures  from  300°C  to  600“C,  or  to  a 700°C  thermal  anneal  for  10  min  in  vacuum. 
After  finishing  the  in-situ  treatments,  a ~0.1  pm  thick  AIN  layer  was  grown  on  the 
treated  GaN  at  a growth  temperature  of  325°C  for  1 hour.  The  AIN  layer  was  used  as  a 
capping  layer  to  prevent  contamination  of  the  treated  GaN  surface  before  SIMS 
measurement  and  also  to  form  a gate  dielectric  for  subsequent  electrical  analysis.  Before 
the  deposition  of  the  gate  dielectric  material,  pre-cleaning  of  the  surface  is  required  to 
reduce  interfacial  impurities  or  defects  and  to  grow  a high  quality  dielectric  layer.  I-V 
measurements  were  performed  on  the  MIS  diodes.  After  masking,  part  of  the  AIN  was 
etched  and  Ti/Al  (200/600  A)  was  deposited  on  the  GaN  to  make  the  Ohmic  contact.  Au 
metal  dots  were  deposited  on  the  AIN  as  the  gate  metal.  The  surface  morphology  and 
roughness  of  the  regrown  AIN  layers  and  the  PCI3  treated  GaN  layers  were  investigated 
with  AFM  and  the  SIMS  depth  profiles  of  impurities  were  monitored  to  determine  the 
degree  of  interface  cleanliness  after  PCI3  chemical  treatment. 

Figure  4-18  shows  AFM  images  of  the  MOCVD  grown  GaN  substrate  and  the  AIN 
layers  grown  after  PCI3  exposure  at  different  temperatures  or  thermal  annealing  at  700°C. 
As  can  be  seen  in  Figure  4-18,  all  AIN  surfaces  show  a 3-D  granular  structure  while  the 
MOCVD  grown  GaN  substrate  displays  atomically  flat  and  2-D  step  flow  growth.  The 
increase  of  RMS  value  and  3-D  granular  structure  is  most  likely  due  to  the  low  substrate 
temperature  during  the  AIN  layer  growth.  The  decrease  in  surface  diffusion  of  atoms  and 
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the  nucleation  of  small  islands  followed  by  3-D  columnar  growth  on  the  MOCVD  grown 
GaN  substrate  increased  the  RMS  value.  Also,  the  AIN  layer  grown  after  PCI3  exposure 
at  600°C  shows  the  highest  RMS  value.  This  result  is  similar  with  that  found  in  the  case 
of  the  regrown  GaN  after  PCI3  exposure  at  650°C.  This  result  indicates  that  PCI3 
exposure  above  600°C  is  too  aggressive  and  degrades  the  surface  morphology  of  the 
regrown  layer. 

Figure  4-19  shows  the  I-V  characteristics  of  the  AlN/GaN  MIS  diodes  after  PCI3 
treatment  at  different  temperatures  and  thermal  annealing  at  700°C  before  the  AIN  layer 
growth.  The  diode  treated  with  HCI/O3  followed  by  PCI3  exposure  at  300°C  shows  the 
best  I-V,  and  the  diode  treated  with  HCI/O3/HF  followed  by  thermal  annealing  at  700°C 
shows  the  next  best  I-V  characteristics  (i.  e.  smaller  leakage  current  and  higher 
breakdown).  This  is  most  likely  due  to  the  decrease  of  the  surface  impurities  or  defects 
from  the  GaN  surface  and  the  better  quality  of  the  AIN  layer  growth  after  these  surface 
cleaning  methods.  PCI3  exposure  above  400°C  degraded  the  I-V  characteristics  of  the 
diodes.  The  reason  for  the  degradation  of  the  I-V  characteristics  was  assumed  to  be  due 
to  the  generation  of  the  surface  damage  after  PCI3  exposure  above  400°C  or  to  an 
increase  in  the  concentration  of  interfacial  impurities.  However,  PCI3  exposure  even  at 
500°C  did  not  significantly  affected  the  morphology  and  roughness  of  the  treated  GaN 
surface  as  shown  in  Figure  4-20.  The  above  results  of  the  I-V  characteristics  can  be 
explained  from  the  SIMS  analysis  data.  As  can  be  seen  in  Table  4-3,  the  sample  treated 
with  PCI3  at  500°C  shows  a higher  concentration  of  interfacial  P and  Cl  but  a lower 
concentration  of  O than  that  of  the  sample  treated  with  PCI3  at  300°C  or  treated  with 
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thermal  annealing  at  700°C.  This  increase  in  the  concentration  of  interfacial  impurities,  P 
and  Cl,  is  most  likely  responsible  for  the  degradation  of  the  diode. 
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Electron  Energy 

Figure  4-1.  AES  survey  spectra  of  GaN  (a)  as-received,  (b)  PR  deposit/strip,  (c)  acid 
cleaned  for  3 min  in  1:1  HC1:DI,  (d)  acid  cleaned  with  25 -min  UV/O3  and  (e)  PR 
deposit/strip,  acid  cleaned  and  25-min  UV/O3. 
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Table  4-1.  AES  peak-to-peak  height  ratios  for  the  UV/O3  and  various  wet  chemically 
treated  GaN  surfaces. 


C/N 

O/N 

Ga/N 

Cl/N 

As-received 

0.45 

0.97 

1.08 

ND 

PR/deposit/strip 

1.66 

0.95 

1.05 

ND 

Solvents(acetone/methanol) 

0.55 

0.80 

0.97 

ND 

1:1  HClrDI  (3  min) 

0.40 

0.24 

0.64 

0.14 

HCl  (3  min)/03  (25  min) 

ND 

1.47 

1.00 

ND 

O3  (25  min)/HCl  (3  min) 

0.13 

0.26 

0.68 

0.09 

HCy03  (25  min)/HCl 

0.06 

0.45 

0.79 

ND 
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Figure  4-2.  AFM  images  and  RMS  roughness  values  of  GaN  surfaces  after  various  wet 
chemical  treatments  (a)  as-received,  (b)  solvents  (acetone/methanol,  each  5 min),  (c)  1:1 
HChDI,  3 min  and  (d)  1:1  HChDI,  3 min  and  UV/O3,  25  min. 
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Figure  4-3.  RHEED  patterns  taken  along  the  [11-20]  azimuth  on  the  MOCVD-grown 
GaN  surfaces  after  various  chemical  treatments  (a)  as-received  GaN  (b)  HCI/O3/HF- 
treated  GaN  and  (c)  HCI/O3/AZ  400K-treated  GaN. 
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Figure  4-4.  Surface  atomic  concentration  of  oxygen  and  carbon  as  measured  by  AES  on 
GaN  after  various  combinations  of  wet  chemical  and  thermal  surface  treatment.  All 
samples  were  exposed  to  PR  which  was  followed  by  the  HCl  /O3  cleaning  procedure 
before  treatment. 
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RMS:  8.44  nm 


RMS:  7.0  nm 


Figure  4-5.  AFM  images  and  RMS  roughness  values  for  regrown  GaN  capping  layers  on 
(a)  as-received,  (b)  5 seem  N2  plasma  exposure  at  750°C  for  5 min,  (c)  5 seem  N2  plasma 
exposure  at  900°C  for  5 min,  (d)  the  mixture  of  7.5  seem  H2  and  2 seem  N2  plasma 
exposure  at  750°C  for  5 min  The  (b),  (c),  and  (d)  samples  were  exposed  to  PR,  1:1 
HC1:DI,  3min,  and  25  min  UV/O3  before  in-situ  treatment. 


OXYGEN  INTENSITY  (a.u.)  CARBON  INTENSITY  (a.u.) 
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Figure  4-6.  Surface  atomic  concentration  of  carbon  and  oxygen  as  measured  by  AES  on 
GaN  after  H2/N2  plasma  exposure  at  different  temperatures.  All  samples  were  treated 
with  PR/HCI/O3  before  plasma  exposure. 
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Figure  4-7.  SEM  images  of  GaN  surfaces  (15  kV,  x 10,000)  (a)  as-received  MOCVD- 
grown  GaN  substrate  and  (b),  (c)  and  (d)  are  MBE-regrown  GaN  on  MOCVD-grown 
GaN  substrate  after  exposure  to  H2/N2  plasma  for  10  min  at  500°C,  650°C  and  750°C, 
respectively. 
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Table  4-2.  Comparison  of  surface  atomic  concentration  of  C and  O between  AES  and 
SIMS  analysis  on  GaN  after  various  combination  of  wet  chemical  and  thermal  surface 
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Figure  4-8.  RHEED  patterns  taken  along  the  [11-20]  azimuth  on  the  MOCVD-grown 
GaN  surfaces  after  various  chemical  and  thermal  treatments  (a)  HCI/O3/HF  treated  GaN, 
(b)  HCI/O3/AZ  400K-treated  GaN,  (c)  HCI/O3/HF  treatment  followed  by  thermal 
annealing  at  700°C  and  (d)  HCI/O3/AZ  400K  followed  by  thermal  annealing  at  700°C. 
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Figure  4-9.  SIMS  depth  profiles  of  carbon  and  oxygen  impurities  for  the  MBE-regrown 
GaN  layers  on  MOCVD-grown  GaN  substrates  (a)  overgrowth  only  at  500°C  without  N2 
plasma  exposure  and  (b)  overgrowth  only  at  650°C  with  N2  plasma  exposure  during 
substrate  heating  to  growth  temperature. 
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Figure  4-9.  SIMS  depth  profiles  of  carbon  and  oxygen  impurities  for  the  MBE-regrown 
GaN  layers  on  MOCVD-grown  GaN  substrates  (c)  PCI3  exposure  at  500°C  for  10  min. 
and  (d)  TDMAP  exposure  at  500°C  for  10  min.  without  N2  plasma  exposure  before 
regrowth. 
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Figure  4-10.  Tapping  mode  AFM  images  of  the  as-received  MOCVD-grown  GaN 
substrate.  The  RMS  roughness  value  of  this  sample  is  1.8  nm. 
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Figure  4-11.  AFM  images  of  the  MBE-grown  GaN  layers  on  MOCVD-grown  GaN 
substrates  (a)  overgrowth  only  at  500°C  without  N2  plasma  exposure,  (b)  overgrowth 
only  at  650°C  without  N2  plasma  exposure  and  (c)  overgrowth  only  with  N2  plasma 
exposure  during  substrate  heating  to  growth  temperatures.  The  RMS  roughness  values  of 
(a),  (b)  and  (c)  are  15.5,  7.6  and  2.0  nm,  respectively. 
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Figure  4-12.  AFM  images  of  regrown  MBE  GaN  on  MOCVD-grown  GaN  substrates 
after  (a)  TDMAP  exposure  at  500°C  without  N2  plasma  and  (b)  with  N2  plasma  during 
substrate  heating  to  growth  temperature  and  TDMAP  exposure.  The  RMS  roughness 
values  of  (a)  and  (b)  are  1.35  and  2.17  nm,  respectively. 
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Figure  4-13.  AFM  images  of  regrown  MBE  GaN  on  MOCVD-grown  GaN  substrates 
after  (a)  PCI3  exposure  at  500°C  for  10  min  without  N2  plasma  and  (b)  PCI3  exposure  at 
650°C  for  10  min  with  N2  plasma  exposure  during  substrate  heating  and  PCI3  exposure. 
The  RMS  roughness  values  of  (a)  and  (b)  are  4.36  and  9.6  nm. 
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Figure  4-14.  AlN/GaN  MIS  diode  structure. 
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Figure  4-15. 1-V  characteristics  from  the  AlN/GaN  MIS  diodes  after  surface  pretreatment 
before  growth  of  AIN  layers. 
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Figure  4-16.  I-V  characteristics  from  the  AlN/GaN  MIS  diodes  after  in-situ  surface 
chemical  treatments  before  the  AIN  layer  growth.  The  HCI/O3  cleaning  procedure  was 
applied  for  all  samples  before  in-situ  treatment. 
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Figure  4-17.  AFM  images  of  (a)  as-received  MOCVD  GaN,  (b)  AIN  grown  on  MOCVD 
GaN  after  N2  plasma  exposure  at  650°C  for  10  min,  (c)  after  PCI3  exposure  at  500°C  for  5 
min  and  (d)  after  TDMAP  exposure  at  500°C  for  5 min  of  GaN  before  AIN  growth.  1:1 
HC1:H20  and  UV/O3  cleaning  were  performed  before  thermal  treatments  for  (b),  (c)  and 
(d)  samples.  The  RMS  roughness  values  of  (a),  (b),  (c)  and  (d)  are  1.83,  1.52,  1.55  and 
1 .09  nm,  respectively. 
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Figure  4-18.  AFM  images  of  (a)  as-received  MOCVD  GaN,  (b)  AIN  grown  on  MOCVD 
GaN  after  HCI/O3/HF  followed  by  thermal  annealing  at  700“C,  (c)  after  PCI3  exposure  at 
300°C,  (d)  after  PCI3  exposure  at  400“C,  (e)  after  PCI3  exposure  at  500°C  and  (f)  after 
PCI3  exposure  at  600°C.  For  (c),  (d),  (e)  and  (f)  samples,  HCI/O3  treatment  was 
performed  before  PCI3  exposure.  The  RMS  roughness  values  of  (a),  (b),  (c),  (d),  (e),  (f) 
are  0.87,  2.60,  2.81,  2.62,  2.57,  4.45  nm,  respectively. 
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Figure  4-19.  I-V  characteristics  from  the  AlN/GaN  MIS  diodes  fabricated  from  samples 
from  treated  with  various  chemical  procedures  before  AIN  deposition. 
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Figure  4-20.  AFM  (left)  and  RHEED  (right)  images  of  the  MOCVD  GaN  (a)  as-received, 
(b)  after  PCI3  exposure  at  300°C  and  (c)  after  PCI3  exposure  at  500°C.  The  RMS 
roughness  values  of  (a),  (b)  and  (c)  are  0.72,  0.76  and  0.94  nm,  respectively.  RHEED 
patterns  were  taken  along  the  [1 1-20]  azimuth. 
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Table  4-3.  Atomic  concentration  of  interfacial  impurities  as  measured  by  SIMS  after 


various  chemical  treatments  on  t 

le  GaN  before  AIN  deposition. 

Method 

C (cm'^) 

0 (cm‘^) 

Cl  (cm'^) 

P (cm'^) 

HCI/O3 

500°C 

PCI3 

7 X 10^” 

2.9  X 10^“ 

1.6  X 10^° 

9.5  X 10^° 

Hcyo3 

300°C 

PC13 

2.9  X 10 

6.5  X 10^° 

1.6  X 10*^ 

2.6  X 10^° 

HC1/03/HF 

700°C 

Anneal 

2 X 10^“ 

5.5  X 10^“ 

2.6  X 10’^ 

2.5  X 10'^ 

CHAPTER  5 

GENERATION  AND  REMOVAL  OF  THERMAL  DAMAGE 


GaN  is  a promising  candidate  material  for  high  temperature/high  power  electronic 
devices  because  of  its  wide  band  gap,  high  breakdown  field,  high  electron  saturation 
velocity,  and  good  thermal  stabilityj’’^^  High  temperature  processing  is  required  in  a 
number  of  GaN  device  processing  steps,  including  activation  of  implanted  dopants,'^^*’^^^ 
removal  of  implantation  induced  damage,^’'^’^'^  alloying  of  Ohmic  contacts,  and  oxide 
desorption  from  the  GaN  surface  prior  to  regrowth.  Further,  in  the  GaN-based  metal 
semiconductor  field  effect  transistor  (MESFET)  technology,  thermal  stability  of  the 
Schottky  diode^^^'^^^  is  one  of  the  key  issues.  However,  most  work  reported  to  date  has 
focused  only  on  the  thermal  stability  of  the  Ohmic  metal  contacts.^^^'^^^  It  is  also 
necessary  to  study  the  thermal  stability  of  the  epi-layer  and  methods  for  removal  of  the 
thermally  damaged  material.  In  an  ion  implanted  GaN  MESFET,  for  example,  a Schottky 
gate  metal  contact  must  be  formed  on  the  implanted  channel  regions  after  the  high 
thermal  activation  annealing.  Any  residual  damage  will  produce  leakage  under  the  gate 
and  severely  compromise  device  performance.  This  work  reports  on  a study  of  current 
voltage  (I-V)  and  reverse  breakdown  voltage  characteristics  in  GaN  Schottky  diodes  as  a 
function  of  annealing  and  post-anneal  surface  treatment. 

Figure  5-1  shows  the  layer  structures  of  the  planar  Schottky  diodes  used  in  this 
study.  All  of  the  layers  were  grown  by  rf  plasma-assisted  molecular  beam  epitaxy  (MBE) 
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at  SVT  Associates.  For  the  n-GaN  diode  structure,  0.8)am  of  n'^-GaN  (n  ~8xl0^^cm‘^)  was 
grown  on  c-plane  AI2O3  substrate,  followed  by  growth  of  3.2|Lim  of  undoped  GaN  (n 
-lO'^cm'^).  For  the  p-GaN  diode  structure,  2pm  of  undoped  GaN  (n  ~10‘®cm'^)  was 
grown  on  an  AI2O3  substrate,  followed  by  growth  of  1pm  of  p-GaN  (p  -lO'^cm'^).  Ohmic 
metal  contacts  were  formed  with  Ti/Pt/Au  (400A/200A/1000A)  for  n-GaN  and  Ni/Au 
(400A/1000A)  for  p-GaN.  The  Ohmic  metal  contacts  were  deposited  using  an  electron 
beam  evaporator  and  defined  by  lift  off  processing.  After  the  Ohmic  contact  formation, 
the  samples  were  annealed  in  a temperature  range  from  400°C  to  900°C  for  30  sec.  under 
a nitrogen  (N2)  ambient  using  rapid  thermal  annealing  (RTA)  in  an  AG  Heatpulse  410 
system.  After  annealing,  each  sample  was  divided  into  pieces  and  chemically  treated.  The 
procedure  for  chemical  treatments  was:  UV/O3  exposure  for  25  min.  followed  by  dipping 
into  HChDI  (1:1)  solution  for  3 min..  This  process  was  performed  10  times  repeatedly  in 
an  attempt  to  remove  the  damaged  layer  caused  by  thermal  annealing.  Next,  Schottky 
metal  was  deposited  with  Pt/Au  (300A/1500A)  for  n-GaN  and  Ti/Pt/Au 
(400A/200A/1000A)  for  p-GaN  through  a shadow  mask.  The  diameter  of  the  contacts 
was  500pm.  Prior  to  loading  in  an  evaporator  chamber  the  samples  were  cleaned  in  a 
solution  of  HChDI  (3:1)  for  1 min.  to  remove  the  native  oxide  from  the  GaN  surfaee  in 
order  to  ensure  uniform  contact  properties  upon  subsequent  deposition.  Finally,  the  I-V 
characteristics  were  measured  at  room  temperature  using  a HP4145B  semiconductor 
parameter  analyzer.  Atomic  force  microscopy  (AFM)  and  scanning  electron  microscopy 
(SEM)  were  used  to  observe  the  surface  morphology  before  and  after  annealing  and  after 
chemical  treatment.  Auger  electron  spectroscopy  (AES)  was  used  to  provide  information 
regarding  the  composition  of  the  surface. 
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Figure  5-2  shows  the  I-V  characteristics  from  n-GaN  Schottky  diodes  formed  after 
annealing  at  different  temperatures.  The  reverse  breakdown  voltages,  Vbd,  increase  as  the 
annealing  temperature  increases  to  700°C.  Upon  annealing  at  800°C,  the  Vbd  decreases 
and  after  900°C  annealing  the  breakdown  voltage  decreases  even  further.  Table  5-1 
shows  the  summary  of  I-V  characteristics  of  n-GaN  Schottky  diodes  after  annealing  at 
various  temperatures  and  chemical  treatments.  The  I-V  characteristics  of  the  Schottky 
diode,  0B  and  n,  were  determined  assuming  thermionic  emission: 

I = Is  [e‘>''^"'‘^-l]  and  k = AA*tV‘’V'^, 


where  k is  the  saturation  current,  A is  the  contact  area,  and  A*  is  the  effective 
Richardson  constant  (24A/cm^k^  for  n-GaN  and  72A/cmV  for  p-GaN  based  on  A*  = 
47rm*qk^/h^  with  m*  = 0.20mo  for  n-GaN  and  m*  = 0.60nio  for  p-GaN).  T is  temperature, 
q is  the  electron  charge,  k is  the  Boltzman  constant,  and  V is  the  applied  voltage.  The 
breakdown  voltage  was  arbitrarily  taken  to  be  the  voltage  at  which  the  reverse  current 
exceeded  5mA. 

As  the  annealing  temperature  was  increased  to  700°C,  0b  increased  from  0.6eV  to 
0.65eV,  while  the  ideality  factor,  n,  decreased  from  1.88  to  1.48.  This  increase  in  0b  and 
decrease  in  n after  annealing  at  700°C  can  be  attributed  to  a reduction  in  the  density  of 
surface  defects.  After  900°C  annealing,  0b  is  further  reduced  to  0.56eV.  This  Schottky 
barrier  height  reduction  also  causes  a reduction  in  the  reverse  breakdown  voltage.  This 
may  be  due  to  preferential  loss  of  nitrogen  from  the  GaN  surface  after  the  high 
temperature  annealing.  Nitrogen  vacancies  are  thought  to  increase  the  carrier 
concentration  in  GaN.  This  high  surface  carrier  concentration  might  increase  tunneling  at 
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the  metal/n-GaN  interface  under  reverse  bias  for  the  Schottky  diodes  and  explain  the 
increase  in  the  reverse  leakage.  Also,  the  removal  of  the  surface  oxide  and  creation  of 
surface  damage  after  900°C  annealing  can  decrease  0b,  ultimately  decreasing  Vbd-  The 
SEM  in  Figure  5-3(b)  shows  a rough  surface  after  900°C  annealing,  again  probably  due 
to  loss  of  GaN  from  the  surface. 

Figure  5-4  shows  I-V  characteristics  from  n-GaN  Schottky  diodes  after  annealing 
and  ozone/HCl  chemical  treatments.  AES  depth  profiles  of  the  annealed  sample  suggest 
that  nitrogen  loss  is  occurring  in  the  very  near  surface  region.  It  was  hoped  that  repeated 
ozone/HCl  chemical  treatment  could  remove  this  damaged  layer  whose  thickness  was 
believed  to  be  ~100A.  However,  this  treatment  significantly  reduced  the  Vbd  for  samples 
annealed  in  the  temperature  range  of  500  ~ 800°C  as  seen  in  Table  5-1.  For  those 
annealed  at  600  ~ 800°C  and  chemically  treated,  the  Vbd  was  reduced  by  -60%.  As 
shown  in  Figure  5-3  (c)  and  Figure  5-5,  there  are  deep  pits  after  annealing  and  the 
ozone/HCl  treatment.  This  surface  structure  is  most  likely  responsible  for  the  apparent 
reduction  of  the  barrier  height  and  the  reduction  in  Vbd,  as  it  probably  produces  spiking 
of  the  metal.  For  samples  annealed  at  900”C  and  ozone/HCl  treated  there  is  some  small 
recovery  of  Vbd  due  to  the  removal  of  the  thermally  damaged  surface  area.  Also,  the 
atomic  concentration  of  oxygen  on  the  surface  of  the  sample  treated  by  ozone/HCl  is 
much  lower  than  that  on  the  air  exposed  sample.  This  removal  of  surface  oxide  might 
also  reduce  0b  and  Vbd- 

For  p-GaN  Schottky  diodes,  the  I-V  curves  exhibit  very  leaky  behavior.  The 
mechanism  of  current  flow  through  the  interface  cannot  be  established  and  the  exact 
value  of  the  Schottky  barrier  height  and  ideality  factor  cannot  be  estimated.  Figure  5-6 
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shows  the  reverse  I-V  characteristics  for  Ti/Pt/Au  Schottky  contacts  on  p-GaN  samples 
after  annealing  at  different  temperatures.  The  reverse  currents  gradually  decrease  as  the 
annealing  temperature  is  increased  to  700°C  due  to  the  removal  of  defects  from  the 
material  and  subsequent  improvement  of  the  quality  of  the  Ohmic  metal.  Upon  annealing 
at  800°C,  the  current  begins  to  increase  and  further  increases  after  900°C  annealing.  This 
most  likely  can  be  attributed  to  the  degradation  of  both  the  GaN  and  the  Ohmic  contact 
after  high  temperature  annealing.  The  level  of  current  flow  in  p-GaN  Schottky  diodes  is 
very  low  even  at  high  applied  voltage  as  shown  in  Figure  5-7.  This  may  be  due  to  the 
high  sheet  resistance  of  the  p-GaN  material  and  the  high  contact  resistance  between  the 
Ohmic  metal  and  the  p-GaN.  At  low  current,  as  shown  in  Figure  5-8,  the  control  sample 
does  not  show  rectifying  behavior.  This  leakage  may  be  due  to  segregation  of  Mg  on 
surface  during  epi-growth  or  to  severe  disorder  on  the  p-GaN  surface.  Upon  annealing  at 
900°C,  the  I-V  curve  again  does  not  show  rectifying  behavior,  but  after  ozone/HCl 
chemical  treatment  some  rectification  is  observed. 

For  further  removal  of  the  damage  caused  by  thermal  annealing  at  900°C,  RF 
N2  plasma  exposure  at  750°C  or  PCI3  chemical  beam  exposure  at  550°C  for  10  min.  was 
performed  on  the  thermally  damaged  n-GaN  surface.  Figure  5-9  shows  the  I-V 
characteristics  from  n-GaN  Schottky  diodes  after  thermal  treatment  with  N2  plasma  or 
PCI3.  The  level  of  current  flow  for  the  Schottky  diode  exposed  to  N2  plasma  at  750°C  is 
very  high  for  applied  small  bias,  giving  Ohmic  behavior.  This  result  can  be  attributed  to 
the  very  high  surface  carrier  concentration  due  to  the  preferential  loss  of  nitrogen, 
enhancing  carrier  tunneling  at  the  metal/n-GaN  interface.  This  preferential  loss  of 
nitrogen  from  the  n-GaN  surface  might  be  caused  by  (a)  thermal  evaporation  of  more 
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volatile  nitrogen  atoms  from  the  surface  at  high  vacuum  and  high  temperature  condition 
or  (b)  creation  of  n-type  damage  such  as  nitrogen  vacancies  by  nitrogen  ion  sputtering 
after  exposure  to  the  high  ion  energy  plasma  (400W  rf  power)  at  750“C.  The  diode 
exposed  to  PCI3  also  shows  high  reverse  current  flow  at  applied  small  reverse  voltages 
and  soft  reverse  breakdown  behavior.  This  increase  of  reverse  leakage  current  is  most 
likely  due  to  the  preferential  loss  of  surface  nitrogen  atoms  by  formation  of  volatile  NCI3 
compounds  or  further  increase  of  surface  damage  after  exposure  of  thermally  damaged  n- 
GaN  to  PCI3.  Also,  N2  plasma  or  PCI3  exposure  after  UV/O3  oxidation  and  HCl  oxide 
removal  steps  was  investigated  to  study  the  removal  of  thermally  damaged  n-GaN.  As 
shown  in  Figure  5-10,  the  sample  treated  with  UV/O3  and  HCl  procedures  followed  by 
PCI3  exposure  after  900*’C  annealing  shows  improvement  of  the  Schottky  diode 
characteristics  due  to  the  removal  of  damage.  The  reverse  breakdown  voltage  of  the 
diode  was  increased  -50%  compared  to  that  of  the  thermally  damaged  diode  after  900°C 
annealing.  The  sample  exposed  to  N2  plasma  after  UV/O3  and  HCl  treatment  again  shows 
a very  high  level  of  leakage  current  due  to  the  conversion  of  the  n-type  GaN  surface  to 
very  highly  n-type  GaN  surface  resulting  tunneling  of  carrier  in  both  directions  at 
metal/n-GaN  interface.  In  order  to  find  the  effect  of  surface  roughness  on  the  I-V 
characteristics  of  the  diodes,  surface  morphology  was  examined  by  SEM.  Figure  5-11 
shows  the  SEM  images  of  the  n-GaN  surface  after  N2  plasma  or  PCI3  exposure  with  or 
without  UV/O3  and  HCl  procedures  for  thermally  damaged  n-GaN.  After  PCI3  exposure 
no  significant  surface  morphology  change  was  found.  The  creation  of  n-type  defects  or 
removal  of  damage  from  the  surface  was  probably  achieved  at  the  microscopic  level,  thus 
one  could  not  obtain  any  result  that  can  explain  relation  between  the  structural  and 
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electrical  properties  with  very  rough  n-GaN  surface.  On  the  other  hand,  the  samples 
exposed  to  the  N2  plasma  displays  more  flat  surface  structures  with  deep  pits.  This  can  be 
attributed  to  the  reconstruction  of  the  surface  with  N2  plasma  exposure  at  750°C.  Based 
on  I-V  characteristics  for  the  N2  plasma  exposed  samples,  even  the  relatively  flat  surfaces 
may  include  significant  amounts  of  n-type  defects  such  as  nitrogen  vacancies. 

In  summary,  annealing  in  N2  ambients  and  surface  chemical  treatments  were  shown 
to  affect  the  electrical  properties  of  GaN  Schottky  diodes.  Annealing  at  a temperature  of 
700“C  produced  the  best  I-V  characteristics  in  both  n-  and  p-GaN  Schottky  diodes.  Upon 
annealing  at  900°C,  the  reverse  diode  characteristics  were  significantly  degraded.  The 
preferential  loss  of  nitrogen  from  the  GaN  surface  after  high  temperature  annealing  most 
likely  increased  the  surface  carrier  concentration.  This  high  surface  carrier  concentration 
then  increased  the  reverse  leakage  current  of  the  Schottky  diodes,  enhancing  tunneling  at 
the  metal/GaN  interface  under  reverse  bias.  The  ozone/HCl  treatment  after  500  ~ 800°C 
annealing  induced  significant  reduction  of  the  breakdown  voltage,  most  likely  due  to  the 
degradation  of  the  surface  structure.  For  samples  annealed  at  900°C  and  ozone/HCl 
treated  there  was  some  small  recovery  of  breakdown  voltage  due  to  the  removal  of  the 
thermally  damaged  surface  area.  The  sample  exposed  to  N2  plasma  at  750°C  after  being 
thermally  damaged  shows  the  worst  Schottky  diode  characteristics  due  to  the  highly 
increased  surface  carrier  concentration.  PCI3  exposure  removed  the  thermally  damaged 
surface  and  increased  the  reverse  breakdown  voltage. 
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Figure  5-1.  Layer  sructures  of  the  planar  Schottky  diodes  (a)  n-GaN  Schottky  diode  and 
(b)  p-GaN  Schottky  diode. 
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Figure  5-2. 1-V  characteristics  from  the  n-GaN  Schottky  diodes  formed  after  annealing  at 
different  temperatures. 
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Table  5-1.  Summary  of  characteristics  of  n-GaN  Schottky  diodes. 


Diodes 

SBH  (eV) 

n 

Vbd  (V) 

control 

0.60 

1.88 

-10.8 

500«C 

0.62 

1.69 

-10.6 

600»C 

0.62 

1.54 

-11.2 

700«C 

0.65 

1.48 

-11.5 

800“C 

0.59 

1.99 

-9.9 

900«C 

0.56 

2.10 

-7.0 

500«C/T 

0.64 

1.67 

-8.8 

600“C/T 

0.60 

1.56 

-3.4 

700»C/T 

0.51 

2.54 

-3.5 

800»C/T 

0.61 

1.76 

-3.9 

900«C/T 

0.56 

2.00 

-8.2 

* T indicates  ozone/HCl  treatments. 
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Figure  5-3.  SEM  images  of  the  n-GaN  surface  (a)  after  annealing  at  400°C,  (b)  after 
annealing  at  900°C,  (c)  after  annealing  at  400°C  followed  by  ozone/HCl  treatment  and  (d) 
after  annealing  at  900°C  followed  by  ozone/HCl  treatment. 
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Figure  5-4.  I-V  characteristics  from  the  n-GaN  Schottky  diodes  after  annealing  and 
ozone/HCl  treatment. 


79 


as-received 


RMS 
33.5  nm 


X Z.OCK)  iM/div 
2 SOO.OOO  fM/div 


800®C  annealed 


X 2.000  tm/ilv 
2 500.000  iM/diw 


800”C  annealed/treated 


X 2.000  VN/div 
2 500.000  rwt/div 


900®C  annealed 


X 2.000  MM/div 
2 SOO.OOO  rui/div 


900°C  annealed/treated 


X 2.000  WM/div 
2 SOO.OOO  HM/div 


Figure  5-5.  AFM  images  of  n-GaN  surface  after  annealing  and  ozone/HCl  treatment. 
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Voltage  (V) 


Figure  5-6.  Annealing  temperature  dependence  of  the  reverse  I-V  characteristics  of  the  p- 
GaN  Schottky  diodes. 
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Figure  5-7.  High  current  I-V  characteristics  from  the  p-GaN  Schottky  diodes  after 
annealing  and  ozone/HCl  treatment. 
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Figure  5-8.  Low  current  I-V  characteristics  from  the  p-GaN  Schottky  diodes  after 
annealing  and  ozone/HCl  treatment. 
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Figure  5-9.  I-V  characteristics  from  n-GaN  Schottky  diodes  annealed  at  900“C  or 
annealed  at  900°C  and  then  O3/HCI  procedures  followed  by  N2  plasma  or  PCI3  exposure. 
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Figure  5-10.  I-V  characteristics  from  n-GaN  Schottky  diodes  annealed  at  900°C  or 
annealed  at  900°C  and  then  O3/HCI  procedures  followed  by  N2  plasma  or  PCI3  exposure 
to  remove  thermally  damaged  layers. 
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Figure  5-11.  SEM  images  of  n-GaN  surface  for  annealed  at  900°C  followed  by  (a)  N2 
plasma  exposure  at  750°C  for  10  min,  (b)  O3/HCI  procedures  and  then  N2  plasma 
exposure  at  750°C  for  10  min,  (c)  PCI3  exposure  at  550°C  for  10  min,  and  (d)  O3/HCI 
procedure  and  then  PCI3  exposure  at  550°C  for  10  min. 


CHAPTER  6 
SUMMARY 


The  effect  of  various  cleaning  techniques  on  Ill-nitride  surfaces  was  investigated. 
Using  only  ex-situ  cleaning  methods,  the  lowest  oxygen  impurity  levels  on  AIN  and  GaN 
surfaces  were  achieved  after  HE  and  HCl  based  treatments,  while  UV/O3  cleaning  was 
very  effective  for  removing  carbon.  Eurther  removal  of  the  O and,  for  AIN,  carbon  as 
well,  could  be  acieved  after  in-situ  thermal  cleaning  with  a H2/N2  plasma.  Ex-situ  acid 
and  UV/O3  cleaning  followed  by  a PCI3  treatment  was  the  most  effective  at  reducing  C 
and  O from  the  GaN  surface.  The  AlN/GaN  MIS  diode  treated  with  HCI/O3  followed  by 
PCI3  exposure  at  300“C  showed  the  best  I-V  characteristics  due  to  the  decrease  of  the 
surface  impurities  or  defects  from  the  GaN  surface  and  the  better  quality  of  the  AIN  layer 
growth  after  the  treatment. 

Rapid  thermal  annealing  at  temperatures  > 900°C  in  a N2  ambient  degraded  the  GaN 
surface  and  this  degradation  affected  the  electrical  properties  of  GaN  Schottky  dodes. 

The  increase  of  surface  carrier  concentration  after  high  temperature  annealing  due  to  the 
preferential  loss  of  nitrogen  from  the  GaN  increased  the  reverse  leakage  current  of  the 
Schottky  diodes.  Some  small  recovery  of  breakdown  vlotage  was  achieved  due  to  the 
removal  of  the  thermally  damaged  surface  layer  after  PCI3  chemical  beam  treatment. 

In  conclusion,  even  though  complete  removal  of  the  surface  C and  O could  not  be 
achieved  due  to  the  very  strong  bonding  of  the  C and  O with  Ill-nitride  materials,  the 
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results  of  this  study  show  the  lowest  C and  O impurity  level  yet  reported.  It  is  likely  that 
complete  avoidance  of  exposure  to  air  will  be  needed  in  order  to  avoid  contamination  at 
the  GaN/dielectric  interface  in  MOS  devices.  This  will  necessitate  the  use  of 
multichamber  deposition/processing  systems  to  achieve  the  required  material  and 
interfacial  quality. 
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